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To Whom It May Concern:

The Integrated In-Space Transportation Planning (IISTP) phase I activity was an assessment and prioritization

of in-space propulsion technologies. This activity was conducted in 2001 by a NASA-wide team of over

100 engineers and scientists, resulting in a list of advanced in-space propulsion technologies benefiting

multiple NASA Enterprises.

Over a 6-month period, the HSTP team evaluated primary propulsion systems intended to transport space-

craft from the launched condition to the destination and back, if required, for 28 potential missions.

Seventeen propulsion technology architectures were evaluated, and priorities were assigned to the

technologies according to their satisfaction of mission requirements, schedule, cost, and other selection
criteria.

The enclosed report presents the prioritized set of advanced in-space propulsion technologies resulting

from the IISTP activity and details of the supporting analysis.

Sincerely,
Les Johnson

In-Space Transportation Investment Area Manager

Advanced Space Transportation Program

Marshall Space Flight Center





IISTPPhaseI FinalReport
September14,2001

PREFACE

The purpose of this report is to provide the reader with a readily accessible reference

volume and history for the IISTP Phase I effort. This report was prepared by Gray

Research, Inc, as a partial fulfillment of the Integrated Technology Assessment Center

(ITAC) subcontract #4400037135 in support of the Integrated In-Space Transportation

Plan (IISTP) Phase I effort within the In-Space Investment Area of the Advanced Space

Transportation Program (ASTP) managed at Marshall Space Flight Center (MSFC) in

Huntsville, Alabama. Much of the data used in the preparation of this report was taken

from analyses, briefings and reports prepared by the vast number of dedicated engineers

and scientists who participated in the IISTP Phase I effort. The opinions and ideas

expressed in this report are solely those of the authors and do not necessarily reflect those

of NASA in whole or in part.
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EXECUTIVE OVERVIEW

Reaching the outer solar system is a struggle against time and distance. The most distant

planets are 4.5 to 6 billion kilometers from the Sun and to reach them in any reasonable

time requires much higher values of specific impulse than can be achieved with

conventional chemical rockets. In addition, the few spacecraft that have reached beyond

Jupiter have used gravity assist, mainly by Jupiter, that is only available for a few

months' period every 13 or so years. This permits only very infrequent missions and

mission planners are very reluctant to accept travel times greater than about ten years

since this is about the maximum for which one can have a realistic program plan.

Advanced In-Space Propulsion (ISP) technologies will enable much more effective

exploration of our Solar System and will permit mission designers to plan missions to

"fly anytime, anywhere and complete a host of science objectives at the destinations"

with greater reliability and safety. With a wide range of possible missions and candidate

propulsion technologies with very diverse characteristics, the question of which

technologies are "best" for future missions is a difficult one.

The primary focus of the IISTP Phase I efforts were to:

• Develop, iterate and baseline future NASA requirements for In-Space Transportation

• Define preliminary integrated architectures utilizing advanced ISP technologies

• Identify and prioritize ISP technologies

The primary efforts of the IISTP Phase I process was to:

• Address Customer defined missions, mission priorities, mission requirements and

technology preferences.

• Provide a forum for Technologists to advocate and have sufficiently considered any

ISP technology for any mission of interest defined by the customer.

• Perform Systems analyses of the customer defined prioritized mission set to the

degree necessary to support evaluation and prioritization of each technology

advocated by the technologists.

• Perform Cost analyses on each of the technologies that were determined by systems

analyses to be viable candidates for the customer defined mission set.

• Integrate all customers, technologists, systems, cost, program and project inputs into

the final IISTP Prioritized set of technologies.

The primary products of the IISTP Phase I effort were:

• Prioritized set of advanced ISP technologies that meet customer-provided

requirements for customer prioritized mission sets

• Recommendations of relative technology payoffs to guide augmentation investments
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The overall IISTP Phase I technology selectionand prioritization processwas
accomplishedin sixsteps:

1) CodeY, S and M Enterprisesidentified and prioritized a total of 28 missions.
However,dueto timeconstraints,only9missionswereanalyzedduringPhaseI.

2) TheEnterprisesdevelopeda list of the figuresof merit usedto evaluatecandidate
advancedISPtechnologysystemsfor themissionsidentified.

3) Technologists identified 17 candidate ISP technologies for each of the 9 missions that

could reasonably satisfy the mission requirements, objectives, cost and trip time

objectives.

4) The Enterprises identified a list of 31 Figures of Merit (FOM) that were selected

based on knowledge of the candidate ISP technologies and the missions for which the

candidate technologies may be used. The Enterprises tailored the figures of merit for

each of the missions through the use of weights. The weighting scale was adopted

from the highly successful Kepner-Tregoe (K-T) method used throughout

government and industry over the past forty years. The FOM weights were not

disclosed to anyone on the ITSTP team until all scoring was completed to ensure the

scoring teams scored each FOM independently without regard to their relative

importance to one another.

5) Once mission analyses were completed, the scoring teams were provided with

guidelines in the FOM Dictionary for scoring each of the candidate ISP technologies.

Scoring guidelines were adopted from similar applications using Quality Function

Deployment (QFD), widely used throughout the world since 1966. Other scoring

methodologies such as Analytic Hierarchy Process (AHP) were considered but did

not seem appropriate given the nature of the Phase I process. Out of almost 2500

scores assigned, less than ten were disputed. A sensitivity analysis, later applied,

determined that none of the disputed scores had an effect on the overall final

prioritization of ISP technologies.

6) Once all scoring was completed, the FOM category weights were applied to the scores

and the cost-benefit assessment of each ISP technology for each mission was assessed

by an independent multi-enterprise, multi-discipline team during a two-day

workshop. ISP technologies were identified and prioritized during the workshop

according to their relative payoff and their ability to perform and/or enable customer

prioritized missions effectively and economically. The IISTP Phase I effort

concluded with a consensus across NASA Programs, Projects, Technology Centers

and Enterprises as to those technologies deserving consideration in future investment
decisions.

vi
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1.0Introduction

Thereis a significantinterestwithin NASA for an increasedinvestmentin In-Space
Propulsion(ISP)transportationtechnologiesthat:

SupportmultipleEnterpriseswithinNASA,
Enablenewmissions,
Reducemissioncostsand/or
Reducetraveltimefor planetarymissions.

The In-SpaceInvestmentArea is responsiblefor implementingthe Office of Space
Science's(OSS)In-SpacePropulsion(ISP) Programthat supportsthe objectivesof
achievingafactorof 10reductionin thecostof earthorbitaltransportationandafactorof
2 or 3reductionin propulsionsystemmassandtraveltimefor planetarymissionswithin
15years.

1.1Overview

TheIntegrated,In-SpaceTransportationPlan(IISTP) technologydevelopmentstrategy,
illustratedin Figure1.1-1,focusedon identificationandprioritizationof advancedISP
technologiesthatmeettheobjectivesof OSSandtheneedsof theAgencyasawhole.

Technology Demonstrations Technology Demonstrations

(Ground) (Space)

Figure 1.1-1. IISTP Technology Development Strategy
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The IISTP Phase I effort focused on the ISP Technology Selection and Prioritization

Process represented in Figure 1.0-1 as the bottom three tiers of the In-Space Investment

Area Technology Development pyramid. The primary IISTP Phase I activities were:

• Develop, iterate and baseline future NASA requirements for In-Space Transportation

• Define preliminary integrated architectures utilizing advanced ISP technologies

• Identify and prioritize ISP technologies

• Assess program content, metrics and funding priorities and recommend options

The two primary products of the IISTP Phase I effort were:

l) Prioritized set of advanced ISP technologies that meet customer-provided

requirements for customer prioritized mission sets,

2) Recommendations to OSS management and OMB of relative technology payoffs of

selected ISP technologies to guide investments.
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1.2 Outline
Thisreportis organizedinto thefollowingsixsections:

Section1.0Introduction-Overviewof IISTPeffort and purposeandorganizationof the
for thereport.

Section2.0 Background-Discussionof why theIISTP effort is importantto thefuture
explorationof space.

Section3.0Organization-Identificationof theIISTPPhaseI teamsandtheir respective
rolesandresponsibilities.

Section4.0 Prioritizationand Selectionof ISPTechnologies-An in-depthlook at the
IISTPPhaseI processthatwasaccomplishedin thefollowingsixsteps:

Section4.1StepOne:

Section4.2StepTwo:

Section4.3StepThree:

Section4.4StepFour:

MissionIdentificationandPrioritization

Figuresof Merit Development

CandidateISPTechnologyIdentification

Figuresof MeritWeighting

Section4.5StepFive:EvaluationandScoringof Candidates

Section4.6StepSix: Prioritizationof ISPTechnologies

Section5.0Conclusions-Briefsummaryandconcludingremarks

Section6.0Recommendations-Discussionof lessonslearnedandrecommendationsfor
follow-onefforts

Section7.0Acronyms
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Supplementalreferencematerialwasorganizedin thefollowingAppendices:

AppendixA IISTPTeamRosters-Identificationbynameof themembersoneach
of thefive PhaseI teams

AppendixB Figuresof Merit Dictionary-TheFiguresof Merit Dictionary(Rev
E)usedduringthePhaseI effort

AppendixC ScoresandResults-A compilationof all bar-lineandscatterplots
generatedfromthePhaseI scoringdata

AppendixD MissionOverviews-Supplementaldataonthemissionsanalyzed.

AppendixE TechnologyAssessments-Compilationof theresultsof independent
assessmentsperformedduringPhaseI

AppendixF CostTeamReport-TheCostAnalysisReportwrittenby theCost
TeamduringPhaseI
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2.0Background

AdvancedIn-SpacePropulsion(ISP) technologieswill enablemuch more effective
explorationof ourSolarSystem.ISPtechnologieswill permitmissiondesignersto plan
missionsto "fly anytime,anywhereand completea host of scienceobjectivesat the
destination"with greaterreliabilityandsafety.

Fly anytime, arrive sooner: Advanced ISP technologies will reduce reliance on planetary

flyby gravity-assist maneuvers to reach the destination, i.e. launches need not wait on

infrequent planetary alignments needed for flyby assists. In addition, advanced ISP

systems will enable significantly reduced trip times as illustrated in Figure 2.0-1.

Freedom from Constraints: Advanced ISP technologies will enable mission success to be

predicated on satisfaction of science objectives rather than the need to overcome

transportation constraints. In addition, at the destination, more complex science

gathering missions can be accomplished with superior maneuverability, ascent/descent

and station keeping capabilities.

Reduced Cost: Since advanced ISP technologies will dramatically reduce overall mission

timelines, operational costs can be significantly reduced. Smaller launch vehicles can be

used in most cases. In addition, extended capabilities of advanced ISP systems will

radically reduce the number of missions required to accomplish the same science

objectives.

2.1 Current Technology versus Advanced In-Space Propulsion Technologies

With the exception of electric propulsion systems used for commercial communications

satellite station-keeping, all of the rocket engines in use today are chemical rockets; that

is, they obtain the energy needed to generate thrust by combining reactive chemicals to

create a hot gas that is expanded to produce thrust. A significant limitation of chemical

propulsion is that it has a relatively low specific impulse (thrust per unit of mass flow rate

of propellant). Numerous concepts for advanced propulsion technologies with

significantly higher values of specific impulse have been developed over the past fifty

years. However, they generally have very small values of thrust. For launch from the

surface of the earth to low earth orbit, large thrust is required to overcome the effect of

the earth's gravity. For this reason, chemical propulsion has remained as the primary

propulsion technology because it is the only propulsion technology capable of producing

the magnitude of thrust necessary to overcome the effect of gravity.
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Onceearthorbit is achieved,highthrustis no longerrequired.Low thrusttechnologies
canbe usedif they canbe operatedfor long durations.Severalof thesetechnologies
offer specificimpulsethat is significantlyhigher than that achievablewith chemical
propulsion. The advantageof high specificimpulsein achievinghigh flight speedsis
expressedin theconventionalrocketequation:

?V = Ispln(mi/mf)

Where?V = Changeinvehiclevelocityimpartedbypropulsionsystem
Isp= Specificimpulse
mi = Initialmassof rocketstage(includingpayload)
mf = Finalmassof rocketstage(includingpayload)

Thisequationshowsthatthevelocityimpartedby arocketstageis directlyproportional
to specificimpulse.

Reachingthe outerplanetsrequirestraversingof enormousdistances.Themostdistant
planetsare4.5to 6billion kilometersfromthesun. To reachthemat all, consideringthe
strengthof thesun'sgravityfield, requireshighvelocities.To reachthemin reasonable
time requiresmuchhighervelocities. The few spacecraftthat havereachedbeyond
Jupiterhaveusedgravityassist,mainlyby Jupiter,to attainthesevelocities.However,a
Jupitergravity assistfor reachinga particulardestinationis only availablefor a few
monthsevery13or soyears.Thispermitsonlyvery infrequentmissions.

Theexplorationof theouterplanetsclearlyrequiresdevelopmentof advancedpropulsion
conceptsfor which an impetusfor developmenthasnot previouslyexisted. Theyare
requiredto decreasetrip time,increasepayloadmassfraction,andenablemissionsthat
arenot feasiblewith chemicalpropulsion.Theexistenceof manyconceptsrequiresthe
carefulselectionof a few conceptsfor developmentto flight status.Thisselectionmust
matchthecharacteristicsof thepropulsiontechnologywith therequirementsof adiverse
setof anticipatedspacemissions,particularlythoseto theouterplanetsandbeyond.

With awiderangeof possiblemissionsandcandidatepropulsiontechnologieswith very
diversecharacteristics,thequestionof whichtechnologiesare "best"for futuremissions
is a difficult one.TheIISTPstudyis arationalprocessto selectandprioritizepropulsion
technologiesfor developmentto flight statusfor anticipatedfuture spacemissions,
particularlythoseto theouterplanetsandbeyond.
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3.0Organization

TheIISTPPhaseI organizationwascreatedto ensure:

1) Customer defined missions, mission priorities, mission requirements, figures of merit,

weights and technology preferences could be identified and adequately captured

during the IISTP process.

2) Technologists had a forum to advocate any ISP technology for any mission of interest

defined by the customer.

3) Systems analyses were performed for the customer defined prioritized mission set to

the degree necessary to support evaluation and prioritization of each technology

advocated by the technologists.

4) Cost analyses were performed on each of the technologies that were determined by

systems analyses to be viable candidates for the customer defined mission set.

5) Integration of all customers, technologists, systems, cost, program and project inputs

into the IISTP prioritization process.

Five teams were formed, each with its own roles and responsibilities to facilitate

satisfaction of these organizational objectives. The five teams by name were the:

1) Mission Requirements Team (MRT)

2) Technology Team (TT)

3) Systems Team (ST)

4) Cost Team (CT)

5) IISTP Advisory Group (IAG)

Team rosters are given in Appendix A. The specific roles and responsibilities for each of
these teams are discussed in the subsections that follow.
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3.1 MissionRequirementsTeam(MRT)

The missionrequirementsteam(MRT) wascomprisedof one or more representatives
from each of the SpaceScience(Code S), Earth Science(Code Y) and Human
Exploration and Developmentof Space(Code M) Enterprises. MRT members
representedtheirrespectiveEnterprisesthroughouttheIISTPprocess.

IndividualMRT memberswereprimarilyresponsiblefor:

• Identificationof aprioritizedsetof missionsfor theirrespectiveEnterprises

• Identificationof the figures of merit to be usedin evaluationof candidateISP
technologies

• Determinationof figuresof merit weightingsusedin evaluationof candidateISP
technologies

• Participationin weeklylAG telecons

• Participationin theIISTPPrioritizationWorkshop
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3.2 TechnologyTeam(TT)

The TechnologyTeam (TT) was comprisedof a representative(s)for each ASTP
technologyelementandappropriateresearchareaswhich includedelectricpropulsion,
sails, fission, tethers,aero-assist,in-situ propellantproduction,advancedchemical,
lightweightcomponents,cryogenicfluid managementandsolarthermalpropulsion.A
singlepointof contact(POC)wasnamedto representandleadtheTTteameffort.

IndividualTTmemberswereprimarilyresponsiblefor:

• Participationin STtelecons,reviewsandanalysismeetings

• Identificationof candidateISP technologiesin support of customerprioritized
missionset

ProvidingtheSTwith candidatetechnologycharacteristicsto theextentnecessaryto
supportsystemsanalysesandevaluationsof thetechnologiesfor eachof themissions
analyzed

• Evaluationand scoringof eachtechnologyusedin missionanalysesagainstthe
reliability/safetyandschedulerelatedfiguresof merit

• Participationin STandCT telecons,reviewsandanalysismeetings

• Participationin weeklylAG teleconsby TT lead.

• Participationin theIISTPprioritizationworkshopby TTlead
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3.3 SystemsTeam(ST)

The SystemsTeam(ST) includedrepresentativesfrom the systemsorganizationsat
MSFC,GRC,JSC,ITAC, JPL,JSC,andLaRC. A singlePOCwasnamedto represent
andleadtheSTteameffort.

IndividualSTmemberswereprimarilyresponsiblefor:

• Developmentof systemsconceptsand architecturesfor each of the missions
prioritizedby theMRT

Performingsystemsanalysesof the MRT prioritized missionsusing eachof the
candidateISPtechnologiesidentifiedby theTT

Evaluationandscoringof eachtechnologyusedin themissionanalysesagainstthe
performanceandtechnicalrelatedfiguresof merit

Participationin TT andCTtelecons,reviewsandanalysesmeetings

Participationin weeklylAG teleconsby STlead

Participationin theIISTPPrioritizationWorkshopby STLead
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3.4 CostTeam(CT)

The CostTeam(CT) wascomprisedof MSFCandsupportcontractorcostanalystsas
well asa liaisonfrom the ST. A singlePOCwasnamedto representandleadthe CT
effort.

TheCT wasprimarilyresponsiblefor:

• Performingdevelopmentcostanalysesof theISPcandidatetechnologiesselectedfor
analysesfor theMRTprioritizedsetof missions

• Evaluationandscoringof eachtechnologyusedin themissionanalysesagainstthe
costrelatedfiguresof merit

• Participationin STandTT teamtelecons,reviewsandanalysesmeetings

• Participationin weeklyIAG teleconsby CT lead

• Participationin theIISTPPrioritizationworkshopby CT lead
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3.5 IISTPAdvisoryGroup(lAG)

TheIISTPAdvisoryGroup(lAG) wascomprisedof thethreePOCsfromtheCodeY, S,
andM enterprises(MRT POCs),thethreeleadsfrom theTechnology,SystemsandCost
Teams,thetwo In-SpaceInvestmentAreaProjectManagers,alongwith senioradvisors
from GRC,andJPL. TheIn-SpaceInvestmentAreaProgramManagerchairedthelAG.

ThelAG wasprimarilyresponsiblefor:

• Oversightof all IISTPactivities

• Integrationof TT, STandCT activities

• Developmentandmaintenanceof theFOMDictionary

• Consolidationandmaintenanceof FOMweights

• Development, maintenanceand implementation of an IISTP Technology
PrioritizationProcess

• Participationin andconductof weeklylAG telecons

• Participationin andconductof theIISTPPrioritizationWorkshop
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4.0PrioritizationandSelectionof ISPTechnologies.

The overall IISTP Phase I technology selectionand prioritization processwas
accomplishedin six stepsasillustratedin Figure4.0-1.

In Step1,theMRT developedaprioritizedlist of missionsandtheirrespectivemission
requirementsto beaddressedin theIISTPPhaseI effort.

In Step2, theMRT developedalist of thefiguresof merit thatcouldbeusedto evaluate
candidateadvancedISPtechnologysystemsfor themissionsidentified.

In Step3, the TT identified candidateISP technologiesfor eachmissionthat could
reasonablysatisfythemissionrequirements,objectives,costandtrip timeobjectives.

In Step4, the MRT tailoredthe figuresof merit for eachof the missioncategories
throughtheuseof weights.

In Step5, theST,TT andCT evaluatedhowwell eachof thecandidateISPtechnologies
satisfiedeachoneof theapplicablefiguresof merit. TheST,TT andCTusedthescoring
conventionandscoringguidelinesgivenin theFigureof Merit Dictionarydevelopedby
thelAG.

Steps3 through5 wererepeatedfor eachof theninemissionsanalyzedduringtheIISTP
PhaseI effort.

In Step6, theIAG appliedthemissioncategoryfiguresof meritweightsandgenerated
plotsof thenormalizedscores.Thescoringdatawasreviewedin atwo-dayworkshopto
identify anddevelopaprioritizedsetof ISPtechnologiesto beusedto guideinvestment
decisions.

Eachof thesesix stepsis discussedin detailin thesubsectionsthatfollow.
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EVALUATION TECHNOLOGYTEAM('I-I'):
CANDIDATE

TECHNOLOGIES

]]N]]]]]_]]]]

PRIORITIZATION

REPEATOTHRU e
FOR EACH MISSION CATEGORY

Figure 4.0-1. IISTP Phase I Technology Prioritization and Selection Process
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4.1 Step One: Mission Identification and Prioritization

The MRT identified a total of 28 missions that were of interest to the Code Y, S, and M

Enterprises. The 28 missions were allocated to one of nine different mission categories

according to mission destination and need for propulsion at the destination (See Table

4.1-1). To ensure the highest priority missions were analyzed first, the Code Y, S and M

POCs prioritized their respective missions within each mission category. Accordingly,

the nine missions that were analyzed during IISTP Phase I are denoted by italics in Table

4.1-1. For each mission analyzed, the appropriate Enterprise POC provided the top-level

mission requirements that were documented and maintained in the IITSP Requirements

Document. An overview of each of these nine missions is provided in the sections that
follow.

9

11

_2

13

14

!5

16

17

18

19

2,'.)

21

22

23

24

25

26

27

2_

Subsection cateq_ ! : Earth vicinity; iow t_ modeMate Del_ V

Geospace Electrodynamic Connections (GEC)

EREMF (Leonardo)
Nat SAR

LEO SAR

Ionospheric Mappers

ca t eg0 ry 2i Inn e_ s 0! ars ys t e m;ei m pl e pro file; meder at e De!t a V

Space Interferometry Mission (SIM)

Starlight ST-3

Comet Nucleus Sample Return (CNSR)

c ategoMy4: innerso!arsystem;comp!exprofile;modeMatetohighOe!tav

(Lagrange point missions will be considered as complex due to the sensitivity of the trajectory to
)erturbations. **= E-S; E-M Li point missions)

EASI**

4. _ f','._/e S/i_e_ "_

Sub L1 point mission**
Solar Sentinels**

NGST**

Terrestrial Planet Finder**

Outer Zodiacal Transfer**

C ategQWS: oute_sOlaMSYStem;simplepMefi!e;highDe!taV
Outer Zodiacal Transfer

ca t eg0 _6io ut e_s 01a Ms ys te mi ¢Ompl ex p[ 0 f i!e;i no!; pm p U!SiO n! n t h SOU t e[soI aMs y stem

4. f i' N_,p¢,..7;_e.2"rb;te_

4_i..2 EuFopa L_._;_deF

Solar Probe

6ategQ_ 8: HEDS !una_; eisluna_; & EaMth vicini_

Moon & Earth-Moon Libration Points

Sun-Earth Libration Points

cateq_ 9: HEDS Aste_oids ! MarS VicinitY

Near Earth Asteroids

NOTE: Missions indicated by :<d _t _Kcs were analyzed dum_g IISTP Phase I

Table 4.1-1. ||STP Phase | Candidate Missiens
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4.1.1 Neptune Orbiter

The Neptune orbiter mission is designed to provide valuable insight into the eighth planet

in our solar system and its largest moon Triton. After a 10-year flight, the Neptune

Orbiter will spend 2 to 4 years on station while utilizing advanced communication

techniques to relay valuable information about Neptune's atmospheric and

magnetospheric properties. The orbiter will also perform multiple flybys of Triton

providing physical and atmospheric information on this satellite. Since Triton is thought

to be a Kuiper Belt object captured by Neptune, insight into the origins of our solar

system and its continued development are a primary mission goal. Figure 4.1.1-1 is a

colorized collage of Neptune and Triton.

Neptune is about 30 AU from Earth. Achieving a 10-year trip requires high velocity,

which stresses the transportation system. Also, the velocity required results in a high

encounter velocity at Neptune, about 12 km/sec. Capture requires either significant

propulsive delta V or an aerocapture device capable of an entry speed about 30 km/sec.

Figure 4.1.1-1 Neptune and Triton
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4.1.2 TitanExplorer

TheTitanexplorermissionis designedfor orbitalandsurfaceanalysisof Saturn'slargest
moon. After almosta 10-yearflight, the spacecraftwill makemultipleorbitsof Titan
beforedeployinganadvancedroboticlanderwith a mini chemistrylab to the surface.
This landerwill havethecapabilityto changelocationsvia groundand/orflight to collect
and analyzesurfacesamplesat various locations on the moon. A variety of
measurementsandanalysiswill beperformedin orbit andon thesurfacewith theresults
sentbackto earthviaanadvancedcommunicationssuite. Figure4.1.2-1showsaconcept
of theTitanExplorermission.

Figure 4.1.2-1 Titan Explorer Mission

2 i, _

_:,;/www. _l.nasa. ao v/adx7 tec h/baI Iutes/mis n *:itan .h tm

17



IISTPPhaseIFinalReport
September14,2001

4.1.3EuropaLander

TheEuropaLandermissionconceptis suchthataftera 3-yearflight to Jupiter'sfourth
largestmoon,thevehiclewill spendseveralweeksin orbit aroundEuropabeforesending
a robotic landingcraft to thesurface.Theintentionis to bury thecraftjust below the
surfaceto protect it from radiationhazardsand increaseits ability to take seismic
measurements.The planned10 daysof surface/subsurfaceanalysisshouldprovide
valuableinsightinto theicesheetsandtopographyof thismoon. Figure4.1.3-1showsan
artist'srenderingof theEuropansurfacewithJupiterin thebackground.

Figure 4.1.3-1 Europan Surface with Jupiter Rising
3 ,, • , • , • , - ,
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4.1.4 MarsSampleCollectionandReturn

TheMars SampleReturnmissionis part of NASA's continuedexplorationof the Red
Planet.Thespacecraftwill fly to Mars,land,andreturnwith soil,rock,andatmospheric
samples.Roboticswill beutilizedto themaximumextendpossibleto allowsamplesto
becollectedfromvariouslocationsaroundthelandingsight. Thismissioncouldserveas
aprecursorto amannedflight to Mars,whichmaytakeplacelaterin thedecade.Figure
4.1.4-1is aconceptualizedversionof theMartianlanderblastingoff toreturnto Earth.

This is a complexmissionrequiringEarth launchandtransferto Mars,captureof a
spacecraftinto Mars orbit, landingon Mars,launchof the samplecarrierfrom Mars,
rendezvousandsampletransferto the orbitingcraft, returnto Earthorbit, andsample
returnto Earth'ssurface.Strictcontaminationprotectionrulesfor contaminationof Mars
and back-contaminationof Earth apply to the mission design. Some mission
architecturesusevariationson the profile describedhere,suchas direct launchfrom
Mars' surfaceto Earth,bypassingrendezvousin Marsorbit. Noneof theindividualdelta
Vs areespeciallyhigh,but thetotaldeltaV, consideringall profile elements,stressesthe
in-spacetransportationsystemandplacesapremiumonperformanceandreducinginert
mass.

Figure 4.1.4-1 Martian Lander Return to Earth
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4.1.5 InterstellarProbe

TheInterstellarProbeis intendedto analyzetheinterstellarmedium,thespacebetween
thestarsof ourgalaxy.OurSun'sheliosphereshieldsusfromtheinterstellarmedium,so
very little is knownaboutthevastareasof spacebetweenstars. TheInterstellarProbe
will utilize advancedpropulsiontechnologyto quickly leavethe influenceof our own
Sun'sheliosphereand explorethe areaof spaceadjacentto, but outsideour Sun's
influence. As it travels to the edgesof the heliosphere,it will also take dataon
heliosphere-interstellarmediuminteractions.Figure4.1.5-1is anartist'srenditionof the
InterstellarProbe'sflightpath.

The nominalperformancetargetfor this missionis to reacha distanceof 200 AU in
twentyyearsor less. This requiresa deltaV beyondEarthescapeof about35 km/s,
assumingit is deliveredin a fewmonthsor less. Forlongerthrustingperiods,thedeltaV
goesupto 40 to 50km/s. Only thehighestperformancein-spacepropulsionsystemsare
practicalfor thisverydemandingmission.

Figure 4.1.5-1 Interstellar Probe Notional Flight

hj_:i!sc:lence.nasa._adlsolar!su.essiMterstellar Probei IS F'-[n_ro.htmI
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4.1.6 SolarPolarImager

To fully understandthe structureof the solar coronaand to obtaina three-
dimensionalview of coronalmassejections,we will needobservationsfrom
abovetheSun'spolesto complementdataobtainedfrom theeclipticplane.Solar
observationscouldstartassoonastwoyearsafterlaunchwithaplannedduration
of 3 years. Viewing the Sun and inner heliospherefrom a high-latitude
perspectivecouldbe achievedby a solarpolar imagerin a Sun-centeredorbit
aboutonehalf thesizeof Earth'sorbit,perpendicularto theecliptic. Figure4.1.6-
1showstheplannedorbit of theSolarPolarImager.

Thismissionrequiresaheliocentricplanechangeto go from anear-eclipticpath
to oneinclined45deg.ormoreto theecliptic. It mustalsogocloseto theSun,to
abouthalfEarth'sdistance.ThedeltaV requirementis large,andfavorshigh-Isp
systemsor thosethatderivethrustfromsolarinteractions,suchassolarsails.

Figure 4.1.6-1 Solar Polar Imager's Orbit
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4.1.7 MagnetosphericConstellation

TheMagnetosphericConstellationmissionintendsto studythemagnetotailof theEarth.
The magnetotailis the largemagneticfield trailing Earth'sorbit aroundthe Sun. A
constellationof 50-100nano-satelliteswill bedeployedin ellipticalorbits(andpossibly
orbitalplanes)aroundtheEarth. Theseorbitshavethesameapogeeat approximately3
EarthRadii (RE),with varyingperigeesfrom 7to 40RE,creatingadistributednetworkof
spaceweatherobservatories.MissiondeltaV is not highbut manysmallimpulsesare
required.Figure4.1.7-1showsdeploymentof thenanosatellitesin Earth'smagnetotail.
Theprimaryobjectivesof thismissionare:

• Determinetheequilibria of the magnetotail

• Understand the responses of the magnetotail to the solar wind

• Reveal the instabilities of the magnetotail

• Elliptical orbits with dense sampling from 7 - 40 RE with a resolution of 1-2 RE

• Measure magnetic and plasma scalar and vector fields

• Track propagating fronts and disturbances as they are launched and travel in the

magnetotail

• Develop synoptic maps of plasma flows into and away from magnetotail particle

acceleration regions

Figure 4.1.7-1 Magnetospheric Constellation Deployment

7 ,, • - ;_ , " • J J_s_c,na sa, _o\.,/mlssIons/mc/mc.h_m
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4.1.8 Pole Sitter

This is an Earth Science (Code Y) Mission with cooperation between NASA, the NOAA,

and several other agencies to study sun-earth interactions causing the solar weather.

These satellites will hopefully be part of a larger constellation around and between the

Earth and the Sun in order to completely study all aspects of the sun's influence on our

planet as shown in Figures 4.1.8-1 and 4.1.8-2. Two pole sitter satellites will be placed in

orbits above each of the Earth's poles at a distance of approximately 60 RE. Since these

are not stable orbits, constant thrusting via advanced propulsion technology will be

necessary to keep the satellites on station for the duration of the mission.

Figure 4.1.8-1 Earth-Sun Interaction Graphic

Figure 4.1.8-2 Pole Sitter Satellite
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4.1.9 HEDS Mars Piloted

A manned trip to Mars is the natural extension of continued exploration of our solar

system. Mission objectives include developing a better understanding of Mars both

currently and historically and to demonstrate the feasibility of future longer-term Mars

exploration and/or colonization. Manned launches would likely be combined with cargo

launches to provide backup equipment and supplies for the first and future manned

exploration missions. Figure 4.1.9-1 shows a conceptual Martian lander descending to

the Martian surface. Figure 4.1.9-2 shows the deployed lander and rover ready to explore

the surface of Mars. Mission payloads are large, 10s to 100s tons; mission delta Vs can

be high, depending on mission profile. This mission requires high performance and

much larger propulsion systems than other missions analyzed during IISTP Phase I.

Figure 4.1.9-1 Descent to Martian Surface

iiiii::iii::i::iii::;iii:_?:i::?ii?:::ii:::i i :: iii;ii i

Fionro d l Q-_ Marfian lla_o and Rover

9_://nssdc.gsfc.nasa._,/mars/mars crew.btml
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4.2 StepTwo: Figuresof Merit (FOM)Development

CandidateISP technologiesthat satisfiedthe requirementsof eachthe nine missions
selectedwere analyzed. However,additionalcriteria over and abovethe mission
requirementswereneededto evaluatethe relativemerits of eachof thesecandidate
technologies.TheMRT identifiedalist of 31Figuresof Merit (FOM)thatwereselected
basedon knowledgeof the candidateISP technologiesandthe missioncategoriesfor
whichthecandidatetechnologiesmaybeused.TheMRT supportedthedevelopmentof
a FOMDictionary(SeeAppendixB) thatwasusedto:

• DefineeachFOM

• Provideguidancefor scoringthecandidateISPtechnologies

• Identifythescoringresponsibilities

These31FOMweregroupedinto6categoriesaccordingtofunction:

1) Performance - These criteria, scored by the ST, are directly related to how well

each candidate ISP technology performed the mission.

2) Technical - These criteria, scored by the ST and the TT, are measures of technical

robustness associated with each candidate ISP technology.

3) Reliability/Safety - These criteria, scored by the TT, address the inherent

reliability of the technology and the relative ease to achieve required safety

margins.

4) Cost - These criteria, scored by the CT, included measures of recurring, non-

recurring, operational and developmental costs.

5) Applicability - These criteria were to be used to access the inherent applicability,

adaptability, flexibility, scalability, and evolutionary capability of each

technology. The IAG decided to defer consideration of these FOMs until the

IISTP Phase I Workshop.

6) Schedule - These criteria, scored by the TT, were used to assess the maturity of

the technology and the risks associated with development schedules.

Since consideration of the five FOM associated with the Applicability category was

deferred until the IISTP Phase I workshop, initial scoring and evaluations were

accomplished only on the remaining 5 categories and the associated 26 FOM.
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4.3StepThree:CandidateISPTechnologyIdentification

For eachmissionto beanalyzed,thetechnologyadvocates"lobbied"for theirrespective
technologies.Basedon how well eachtechnologysatisfiedthe missionrequirements,
objectives,architecture,costandtrip timeobjectives,theTT workedwith theSTandthe
MRT to identify thosecandidatesthatcouldmostreasonablyaccomplisheachmission.
Thiswasaniterativeprocessandresultedin somemissionswithnearly20candidateISP
"systems"andotherswith fewerthan5. An ISP"system"mayinvolvea combinationof
ISP technologies.The25 ISP"systems"analyzedduringtheIISTPPhaseI effort,were
comprisedof 17uniqueISPtechnologiesthatareshownin Table4.3-1cross-referenced
to the9 missionsanalyzed.

TheNeptune Orbiter was the first mission analyzed. All technology candidates were

evaluated for this mission in order to develop an understanding of technology

applicability. Scoring proved to be very time-consuming, thus it was important to "thin
out" the field of candidates in order to have time to score more missions.

For example, 7 of the 17 ISP technologies were various forms of electric propulsion (EP)

systems. The differences among the EP systems had to do with the power system used,

thruster type and size. Upon analyzing and scoring the Neptune Orbiter mission, the

scoring teams determined that the variations among the different EP thrusters for the

different planetary missions could be reasonably ascertained using the Neptune Orbiter

results. Therefore it was not necessary to score all of the EP thruster options for other

planetary missions.

The Titan Explorer mission analyses were performed by JPL's Team X. They chose not

to evaluate certain technologies, either because they had insufficient data, or because the

results of Neptune Orbiter scoring indicated certain technologies would not be effective
for the mission.

Europa Lander was evaluated for all technologies except the EP thruster variations, solar

thermal and NTP/NEP hybrid. Neptune Orbiter results confirmed that solar thermal

propulsion has too little Isp to be competitive for these planetary missions. The

NTP/NEP hybrid was defined as a system where an NEP vehicle is booster by an NTP.

(The two functions are combined in a single engine in the NTP bimodal.) This option

appeared effective only for extremely demanding missions, and was further evaluated

only for the interstellar probe and the HEDS Mars piloted mission.

The Mars Sample Return mission was the last mission analyzed. There was not sufficient

time for adequate mission analysis and scoring to be performed on many of the ISP

systems. Since SEP Ion systems were the common thread running across 8 of the 9

missions it was used as a reference system.

26



IISTPPhaseIFinalReport
September14,2001

Forthe Interstellar Probe, Solar Polar Imager, Magnetospheric Constellation, Pole Sitter

and HEDS Mars Piloted missions, all technologies capable of performing these

demanding missions or offer unique benefits were analyzed and scored (exempting

variations in EP systems as discussed earlier)

An overview of each of these technologies is provided in the subsections that follow

according to the reference subsections given in Table 4.3-1

Mars Inter- Solar Magneto- HEDS

Re£ Reference Neptune Titan Europa Sample stellar Polar spheric Pole Mars TOTAL
Con- Sitter Piloted

No. Subsection Orbiter Explorer Lander Return Probe Imager stellation

Category 6 6 6 2 7 3 1 3 9

SOA
2 4.3.1 YES YES YES YES YES 5

Chemical

Advanced

3, 24 Chemical 4.3.2 YES YES YES 3

Nuclear

4 Thermal 4.3.3 YES YES YES YES 4

(NTP)

5 NTP Bimodal YES YES YES YES 4

6-7 MX Tether 4.3.4 YES YES 2

Solar Electric
8-9 4.3.5.2.2 YES YES 2

(Hall)

10-11, Solar Electtic 4.3.5.2.1 5/10 kW 5/10 kW 5/10 kW YES 5/10 kW 5/10 kW 5/10 kW 100kW 8
23, 25 (Ion) NSTAR

Nuclear

12 Electric 4.3.5.2.2 YES YES 2

(Hall)

Nuclear
13 4.3.5.2.1 YES YES YES YES YES YES YES 7

Electric (Ion)

Nuclear

14 Electric 4.3.5.3 YES YES 2

(VaSIMR)

Nuclear

15 Electric 4.3.5.3 YES YES 2

(MPD)

16 Solar Sails 4.3.6 YES YES YES YES YES YES YES 7

17-18 M2P2 4.3.7 YES YES YES YES YES 5

Radio-

19 Isotope 4.3.5.2.1 YES 1

Electric

Solar
20 4.3.8 YES YES 2

Thermal

NTWNEP
21 4.3.9 YES YES 2

Hybrid

n/a Aero-Capture 4.3.10 YES YES YES YES 4

TOTAL 16 7 10 7 5 3 4 3 7

Table 4.3-1. IISTP Phase I Mission/Technology Analyses Cross-Correlation
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4.3.1 State-of-theArt (SOA)Chemical

Chemicalpropulsionhas historically been the primary meansfor transportationof
payloadsin space. Becausechemicalpropulsionsystemscangeneratethe very large
thrustrequiredto overcometheeffectof earth'sgravity,theyremainthepreferredchoice
for launch to low earth orbit. Chemical rockets have been used for in-space
transportationbecausethey areunderstoodwell and are relativelycheapto develop.
However,inherentperformancelimitationsassociatedwith chemicalpropulsionseverely
restrictthetypesof missionsanddestinationsthatcanbeachievedin a reasonabletime,
especiallyfor destinationsthatarefar from earth. Chemicalpropulsionis energylimited
sincethequantityof energyreleasedduringthecombustionprocessis fixedbypropellant
chemistry.Thislimitedquantityof energylimits specificimpulse(thrustperunit of mass
flow rateof propellant).Thiscauseschemicalpropellantmassfractionsto behigh,while
thepayloadfractionsarelow, resultingin expensive,inefficientmissions. For launch
from earth,theselimitationsareovercomeby multiplestagelaunchsystems.

Specific impulse for liquid propellantsystemsis limited to about 450 lbf-s/lbm.
Unfortunately,thesevaluesof specificimpulseareonlypossiblefor cryogenicpropellants,
resultingin difficultpropellanthandlingissues,bothonthegroundandin space.Nitrogen
tetroxide/monomethyl-hydrazine(NTO/MMH) propellantsarestorableon earthandin
space,but havevaluesof specificimpulseof about317lbf-s/lbm. NTO/MMH hasthe
advantageof being hypergolic,which meansthat the propellantsreact on contact,
eliminatingtheneedfor anyignitionsystem.Solidrocketshavelowervaluesof specific
impulse(237lbf-s/lbm),but theyhavehighervaluesof densityimpulse(deliveredimpulse
perunit of volumeof propellant).Solidrocketsaremostoftenbeneficialwhenreductions
in aerodynamicdragareimportant,sincetankagevolumeandtherebyfrontalareacanbe
minimized.Monopropellantrocketsystemscreatethrustfromthechemicaldecomposition
of chemicals(H202 or hydrazine)as they passthrougha catalystbed. They have
simplifiedpropellanthandling,buthaveverylow valuesof specificimpulse.

Overthepastsixty years,numerouschemicalrocketsystemshavebeendevelopedand
used for a wide variety of applications. Chemicalrocket systemsinclude solid
propellants,cryogenicliquid propellants,storableliquid propellants,hybrid rockets,
monopropellants,andcold gasrockets. Thethrustonvariousapplicationshaveranged
from muchlessthanapoundfor attitudecontrolto 1.5million poundsof theF-1engine
for the SaturnV andthespaceshuttlemain engines. However,thespecificimpulseis
limitedto severalhundredlbr-s/lbmor less. In orderto attainthehighspeedsrequiredto
reachtheouterplanetarybodies,let alonerendezvouswith them,will requirepropulsion
systemefficiencieswell over a 1000lbf-s/lbm.Theselimitationsmake them largely
inadequatefor advancedspacemissions,particularlyto theouterplanets.SOAchemical
propulsionsystemswereusedasthepivotorbaselinetechnologyagainstwhichadvanced
propulsiontechnologieswereevaluatedduringtheIISTPPhaseI effort.
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4.3.2 AdvancedChemical

Many advancedchemicalpropellantsarebeinganalyzedandtestedto determinetheir
performanceandapplicabilityto in-spacepropulsion.Thenumberof compoundsusedin
the reactionstypically categorizesthesepropellants. In addition, researchersare
investigatingwaysto increasetheIsp of currentSOAchemicalpropellantsusingHigh
EnergyDensityMatter(HEDM).

While the field of advancedchemicalpropulsionincludesnumerousinitiatives as
describedbelow,for thepurposesof theIISTPstudy,only O2/CH4 (LOX-methane) was

evaluated. O2/CH4 is a relatively near-term technology with particular applicability to

robotic planetary mission spacecraft.

4.3.2.1 Monopropellants

The most common monopropellant in use is hydrazine. It is passed through a catalyst

bed, where it decomposes into nitrogen and ammonia and delivers a specific impulse of

about 230 lbr-s/lbm. Propulsion systems of this sort are well suited to pulsed operations

of short duration, such as small spacecraft attitude control.

NASA is also developing new monopropellant systems to replace the current hydrazine

monopropellant systems. The monopropellants under consideration are environmentally

friendly, have a higher density, and have better thermal characteristics than hydrazine.

The near-term goal is to improve mission performance and greatly reduce ground

operations costs. For the far-term, a very high performance (high specific impulse)

system is being sought. The key to this goal is the development of a high-temperature

catalyst; research in this area is underway.

4.3.2.2 Bipropellants

The bipropellant that is most often used in interplanetary spacecraft with relatively small

engines is nitrogen tetroxide/monomethyl-hydrazine, commonly referred to as

NTO/MMH. This combination yields an Isp of 317 lbf-s/lbm. NASA seeks to improve
performance to 326 lbr-s/lbm by using of a rhenium-alloyed thrust chamber, which will

allow both higher operating temperatures and pressures.

NASA has also been working to improve the efficiency of LH2/LOX systems. Large

pump-fed engines, like those found in the Space Shuttle main engines (SSMEs) can

achieve an Isp of 450 lbf-s/lbm, while smaller pressure-fed engines can reach an Isp of

423 lbf-s/lbm. Upper stage/space engines such as the RL10IIB achieve Isp = 465 lbr-

s/lbm. However, the high Isp may be offset by the higher structural weight, associated
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with the refrigerationsystemsrequiredto storethe cryogenicfuels for long duration
missions.

Other bipropellant systemsthat have been investigatedthat use "Spacestorable"
propellants(i.e. propellantsthat may be storedfor extendedperiods in the space
environment)arelistedin Table4.3.2.2-1.

Propellant i/Isp(lbf-s/lbm)

O2/CH4 i/ 365

CIFN/N2H4 i/ 350

OF2/C2H4 i/ 415

N2F4/N2H4 i/ 395

F2/N2H4 i/ 415

i/ 4,0
i/ 420

Table 4.3.2.2- 1 Isp for a variety of Bipropellant Systems

4.3.2.3 Tripropellants

There are many chemical reactions that result in a higher specific impulse than the 423

lbr-s/lbm that is provided by the LH2/LOX workhorse. However, many of these are

unacceptable as rocket propellants because the exhaust is not a gas. Tripropellant

technologies are an attempt to use these reactions by adding a third component (usually

hydrogen) to the fuel and oxidizer. So far, lithium-fluorine-hydrogen and beryllium-

oxygen-hydrogen mixes show the most promise for a tripropellant application.

The beryllium-oxygen-hydrogen system could generate an Isp of 705 lbf-s/lbm and is

being investigated by the U.S. Air Force. A lithium-fluorine-hydrogen system has the

potential for generating an Isp of 705 lbf-s/lbm. Early testing shows that while it has a

higher combustion efficiency than the beryllium-oxygen-hydrogen system, is only allows

a slight advantage over a fluorine-hydrogen bipropellant system.
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4.3.2.4HighEnergyDensityMatter(HEDM)

In addition to the normal tripropellantapproach,researchershave beenlooking at
chemicaladditivesthat will increasethe specificimpulsegeneratedby conventional
bipropellantsystems.Theseincreasesareachievedby addinghigh-energychemicalsin
orderto increaseIsp,thrust,andsafety.Thisis not unlikeaddingchemicalsto yourcar's
fuel tankin orderto achievegreatermileage.At thecurrenttime, HEDM is still in the
basicresearchphase.

Accordingto preliminaryanalysesthat havebeendoneat GRC, solid particlesin a
cryogeniccarrier fluid (suchas LH2) can carry HEDM additivesto conventional
combustionchambers.Adding thesehigh-energychemicalscanincreasethe specific
impulseby 19-49lbf-s/lbm(figuredfrom theLH2/LOXbaselinefigureof 423lbf-s/lbm).
Increasesin Isparesummarizedin Table4.3.2.4-1.

Carbonatoms + 49 lbf-s/lbm

Boron atoms + 31 lbf-s/lbm

Aluminum atoms + 27 lbf-s/lbm

Hydrogen atoms + 19 lbr-s/lbm

Table 4.3.2.4- 1 HEDM Isp Increases

In addition to the increase to specific impulse, HEDM additives have the potential to

increase propellant and vehicle density, allowing for more compact vehicles. These

improvements would allow a higher percentage of deliverable payload weight to vehicle

weight in future launch vehicles.

All of the chemical technologies we have discussed in this section will improve our

ability to achieve orbit from the Earth's surface, but will have limited utility in traveling

to other planets. The next four sections will deal with completely new technologies
specifically designed for interplanetary propulsion. Some of these will be suitable for

manned spacecraft, while others could be used for unmanned probes.
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Figure 4.3.3- 1 Schematic of a "Typical" Solid-Core Nuclear rocket Engine

10 ,, . , , .....
_://sfl_consky,com;sao/nt/nuclearohtm

Material constraints are a limiting factor in the performance of solid core nuclear rockets.

The maximum operating temperature of the working fluid (e.g., hydrogen) must be less

than the melting point of the fuel, moderator, and core structural materials. This

corresponds to specific impulses of around 800 to 900 lbf-s/lbm.
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4.3.4 Momentum Exchange (MX) Tether

An Earth-orbiting spinning tether system can be used to boost payloads into higher orbits.

Two methods have been proposed, the (1) Spinning Boost and the (2) Swinging Boost

transfer. Both rely on large orbiting tether stations with a mass 8-10X larger than the

payload mass. MX tethers could provide 90% of the Earth escape velocity as well as

moving satellites between LEO and GEO. However, both methods require the tether

stations to be stationed in equatorial orbits and very high accuracy orbital rendezvous to

be performed.

4.3.4.1 Spinning Boost (Hohmann-type) Transfer

A tether system would be anchored to a relatively large mass in LEO awaiting

rendezvous with a payload delivered to orbit. The uplifted payload meets with the tether

facility that then begins a slow spin-up using electrodynamic tethers (for propellantless

operation) or another low thrust, high Isp thruster. At the proper moment and tether

system orientation, the payload is released into a transfer orbit - potentially to

geostationary transfer orbit (GTO) or Lunar Transfer Orbit (LTO). Figure 4.3.4.1-1

shows an artists rendering of the rendezvous.

Figure 4.3.4.1-1 Artists Rendering of MX Orbital Capture
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The physics governing a rotating momentum exchange system is illustrated in Figure

4.3.4.1-2. Following spin-up of the tether and satellite system, the payload is released at

the local vertical. The satellite is injected into a higher orbit with perigee at the release

location; the orbital tether platform is injected into a lower orbit with apogee at the

release location. Momentum is transferred to the satellite from the orbiting tether boost

station. The satellite then enters a GTO trajectory and accomplishes the transfer in as

little as 5 hours. The platform then reboosts to its operational altitude using electric

thrusters. The system thus achieves transfer times comparable to a chemical upper stage

with the efficiencies of electric propulsion. As shown in Figure 4.3.4.1-3, this type of

system could be used to reduce launch vehicle requirements, or to increase injected

payload mass, for any interplanetary mission.

Local vertical, LV

Satellite

spin region

Figure 4.3.4.1-2 Orbits After Release In The "Spinning' Tether Boost Scenario
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Figure 4.3.4.1-3 MX Tether Systems Reduce Launch Vehicle Size and Cost
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4.3.4.2 Swinging Boost Transfer.

A long, thin, high-strength cable is deployed in orbit and set into rotation around a

massive central body. If the tether facility is placed in an elliptical orbit and its rotation is

timed so that the tether will be oriented vertically below the central body and swinging

backwards when the facility reaches perigee, then a grapple assembly located at the tether

tip can rendezvous with and acquire a payload moving in a lower orbit.

Half a rotation later, the tether can release the payload, tossing it into a higher energy

orbit. This concept is termed a momentum-exchange (MX) tether because when the tether

picks up and throws the payload, it transfers some of its orbital energy and momentum to

the payload. The tether facility's orbit can be restored later by reboosting with

propellantless electrodynamic tether propulsion or with high specific impulse electric

propulsion; alternatively, the tether's orbit can be restored by using it to de-boost return

traffic payloads. Figure 4.3.4.2-1 shows this method pictorially. A typical orbit for the

tether platform would be 400 x 13,000 km with a tether length of 140 km.

Figure 4.3.4.2-1 MX Swinging Tether at Payload Release Point

11 ,, _ _://_ w Wo_ethers.cor_v
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4.3.5 ElectricPropulsion(EP)

For both chemicalandelectricpropulsion(EP),high propellantenergyresultsin high
exhaustvelocityandlow massconsumptionfor agiventhrust. In contrastto chemical
rockets,onelectricpropulsionsystems,the electricpowersource(solarpower,nuclear
power,etc.)andthethrustgeneratingmechanismsarephysicallyseparated.Onaverage,
the energy suppliedto the propellantby electricity is two orders of magnitude
(~100times)higherthantheenergysuppliedin chemicalpropulsionthrougha chemical
reaction.However,electricpropulsionispowerlimitedby therateof energyconversion
(e.g.,solarornuclearenergyintoelectricenergy).

Spacecraftusingelectricpropulsionsystemsfor spacemissionsrequirelesspropellantat
launch and on orbit than chemical systems,thereby reducing launchcosts while
increasingthepayloadof the launchvehicleandspacecraft,andby providingmission
engineerswith greaterdesignflexibility. Electricpropulsiondevicesarecapableof
generatinglow thrustfor longperiodsof time.Thefinalvelocitiesareatleastthesameor
higherthanthat achievedwith chemicalpropulsion,becauseelectricrocketsaccelerate
much longer.For planetarymissions,significanttime savingscanbe achievedwith
electric thrusterssince time-consuming(long travel times, timing for a particular
rendezvouslaunchwindow,etc.)gravityassistmaneuversto reachhigh final velocities
arenotrequired. In contrastto chemicalpropulsion,smallquantitiesof propellantmass
areexpelledthroughthethrusterat extremelyhighvelocities. Figure4.3.5-1showstwo
artistsrenderingsof EPsystems.

Figure 4.3.5-1 Electric Propulsion Concepts
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NASA is pursuingtechnologiesto increasetheperformanceof electrostaticthrustersby
goingto higherpowerlevelsandby increasingtheIspona systemlevel. Figure4.3.5-2
illustratesthemissionbenefitof usingelectricpropulsionto increasethepayloadmass
fraction.

Figure 4.3.5-2 EP Systems Can Significantly Reduce Trip Times
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Electricpropulsionismostbroadlydefinedastheaccelerationof propellantsby electrical
heating,electric body forces,and/ormagneticbody forces.This leadsto a natural
divisionof thethreeformsof electricpropulsion:

1) Electrothermal thrusters- the propellant gas is electrically heated and
thermodynamicallyexpandedthrough a nozzle. Common examplesinclude
resistojetsandarcjets.

Electrostaticthrusters-thepropellantis ionizedandtheresultingionsareaccelerated
throughan electricpotential.CommonexamplesincludeHall effectand Ion type
thrusters.

Electromagneticthrusters-utilize electricand magneticbody forcesto accelerate
ions. TheVariable SpecificImpulseMagnetoplasmaRocket(VASIMR) thruster
fallsinto thisclassof EPthrusters.

For the classof missionsconsideredduring the IISTP PhaseI effort, only the
Electrostaticand Electromagneticelectricpropulsionsystemswere consideredviable
ISPtechnologycandidates.

4.3.5.1ElectrothermalSystems

Electrothermalthrusterselectricallyaddenergyto a suitablepropellantandexpandthe
hot gasesthrougha supersonicnozzle,thusconvertingelectricalenergyinto kinetic
energy. Thrustis generatedby thermallyexpandingthehotpropellantin aconverging-
diverging nozzle. Thrust and specific impulseare limited by the thrustermaterial
properties.

4.3.5.2ElectrostaticSystems

In contrastto electrothermalpropulsiondevices,electrostaticthrustersexertelectricbody
forceson chargedparticlesvia electrostaticfields.The direct electricaccelerationof
chargedparticleseliminatesthermallimitationsinherentin solidwallmaterialproperties,
thus lifting restrictions on thrust and specific impulse. The characterizationof
electrostaticsystemsis basedon theproductionmechanismsof chargedparticles;these
canbesummarizedaselectronbombardmentthrusters,radio-frequencyion thrusters,ion
contactthrusters,andfield emissionthrusters.Theprincipleof operationis illustratedin
Figure4.3.5.2-1.
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Figure 4.3.5.2-1 Basic Electrostatic Operation

Ions are created using one of the above mechanisms and accelerated in the electric field

between the positive ion source and a negative grid electrode. At the exit plane of the

thruster, a neutralizer supplies electrons to the ion stream producing a beam of zero net

charge whose exit velocity is governed by both the potential difference between

neutralizer and ion source, and the mass-to-charge ratio of the ions. The ion mass-to-

charge ratio is very important since the thrust per unit area increases with the square of

the mass-to-charge ratio.

4.3.5.2.1 Ion Thrusters

Ion thrusters achieve very high specific impulse by accelerating charged particles across a

potential difference using electrostatic force fields. Ion propulsion is being used by

commercial telecommunication satellites and has been demonstrated as a primary

spacecraft propulsion system by the NASA Solar Electric Technology Application

Readiness (NSTAR) demonstration on the Deep Space 1 (DS1) mission. Under the

circumstances for which grid Ion propulsion is appropriate, a spacecraft can reach a final

velocity of approximately ten times greater than that of a spacecraft using chemical

propulsion. Because the Ion propulsion system, although highly efficient, is very gentle

in its thrust, it cannot be used for any application in which a rapid acceleration is
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required.Withpatience,theIonpropulsionsystemonDS1impartsabout3.6km/sto the
spacecraft.To undertakethe samemissionwith a chemicalpropulsionsystemwould
requireamoreexpensivelaunchvehicleanda largerspacecraftto accommodatea large
tankfor thechemicalpropellants.

Theelectricalenergyto powerthesedevicescanbeprovidedby a solarpowersource,
suchas solarphotovoltaicarrays,or a nuclearpower source,suchas a spacebased
nuclearreactor. Nuclearpowercanbe accomplishedusinga fissionreactoror through
the useof radio-isotopesbatteries. In eithercase,the massof the EP powersource
partiallyoffsetsthepropellantmasssavingsfrom thehighspecificimpulse,thusahighly
efficient, low masspower sourceis essentialfor thesuccessfulimplementationof any
electricpropulsiontechnology. NuclearElectricPropulsion(NEP)systemsareof great
interestin thosemissionsto the outer solar system,wheresolarpower is no longer
efficientandSolarElectricPropulsion(SEP)systemsarenot feasible.SEPandNEPIon
Systemswith variouspowerratingswereanalyzedduringPhaseI. Figure4.3.5.2.1-1
showsaschematicof atypicalIonthruster.

Figure 4.3.5.2.1-1 Typical Ion Thruster
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4.3.5.2.2HallThrusters

Hall thrustersuse an axial electric field to accelerateions, similar to Ion thrusters.
Combininga radialmagneticfield with this generatesanazimuthalHall current.This
current interactswith the radial magnetic field producing a volumetric (j x B)
acceleratingforce on the plasma. As with grid ion thrusters,Hall thrusterscanbe
categorizedaccordingto their respectivepower sources(i.e. solar or nuclear). Solar
ElectricPropulsion(SEP)Hall SystemsandNuclearElectric(NEP)Hall Systemswith
variouspowerratingswereanalyzed.Figure4.3.5.2.2-1showsa simplifiedschematicof
a HallThruster.

Figure 4.3.5.2.2-1 Schematic of a Hall Thruster
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4.3.5.3ElectromagneticPropulsion

Theelectromagneticpropulsionsystemevaluatedfor thiseffortwastheVariableSpecific
ImpulseMagnetoplasmaRocket (VASIMR). The VASIMR systemconsistsof three
major magneticcells, denotedas "forward," "central," and "aft." This particular
configurationof electromagnetsis calledan asymmetricmirror. The forwardend-cell
involvesthemaininjectionof gasto be turnedintoplasmaandtheionizationsubsystem;
thecentral-cellactsasanamplifierandservesto furtherheattheplasma.Theaft end-cell
ensuresthattheplasmawill efficiently detachfrom themagneticfield. Without theaft
end-cell,theplasmawould tendto follow the magneticfield andprovideonly a small
amountof thrust.With thisconfiguration,theplasmacanbeguidedandcontrolledovera
widerangeof plasmatemperaturesanddensities.

To operatetheVASIMR,neutralgas(typicallyhydrogen)is injectedattheforwardend-
cell andionized.Thenit is heatedto the desiredtemperatureanddensityin thecentral-
cell, by the actionof electromagneticwaves,similar to whathappensin microwave
ovens.After heating,the plasmaentersa two-stagehybrid nozzleat the aft end-cell
whereit is exhaustedto providemodulatedthrust. Figure4.3.5.3-1providesaschematic
of theVASIMR propulsionsystem.
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Figure 4.3.5.3-1 VASIMR Propulsion System
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4.3.6 SolarSails

A solarsail is apropulsionconceptthatmakesuseof aflat surfaceof very thinreflective
materialsupportedby alightweightdeployablestructure.Solarsailsaccelerateunderthe
pressurefrom solar radiation(essentiallya momentumtransferfrom reflectedsolar
photons),thusrequiringnopropellant. Sincea solarsail usesnopropellant,it hasan
effectively infinite specificimpulse;however,the thrust-to-weightratio is very low,
typicallybetween104 to 10-5 (for the 9 N/km 2 solar pressure at Earth's distance from the

Sun).

In the near-term, deployable sails will be fabricated from materials such as Mylar or

Kapton coated with about 500 Angstroms of aluminum. The thinnest available Kapton

films are 7.6 microns in thickness and have an areal density of approximately 11 g/m 2.

Sails thinner than this, made from conventional materials, have the potential to rip or tear

in the deployment process. Recent breakthroughs in composite materials and carbon-fiber
structures may make sails of areal density less than 1 g/m 2 a possibility. The reduced sail

mass achieved this way may allow much greater acceleration, greater payload carrying

capability, and reduced trip time. Figure 4.3.6-1 shows a conceptual solar sail being used

for primary propulsion.

Figure 4.3.6-1 Solar Sail Concept

13_ ://www. howstul_fwor ks.corn/so [arsail.h_m
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Solar sails can substantially reduce overall trip time and launch mass for many types of

missions. Solar Sails are an ideal application for earth/sun station keeping satellites.

Another example, the proposed Interstellar Probe (ISP) mission, cannot be practically

achieved without solar sails or nuclear electric propulsion. The reduction of trip times

possible with a solar sail is illustrated in Figure 4.3.6-2. The baseline solar sail concept

developed to meet ISP requirements assumes a spin-stabilized sail with an areal density

of 1 g/m2 (including film and structure), and a diameter of approximately 400 meters

with an 11-meter wide central opening. The spacecraft module would be centered in the

central aperture of the sail. The total spacecraft module mass supported in the sail would

be approximately 180 kg. The ISP sail craft would be used on a heliocentric trajectory

from Earth escape inbound to a 0.25 AU perihelion, then outbound to 5 AU, where the

sail would be jettisoned to minimize interference with acquisition of scientific data and

communication. A single Delta II class launch vehicle would be used to deliver the sail-

craft to an Earth-escape trajectory.

Fiyby CapabNties: Minimum Flight rime vs Solar Range

Figure 4.3.6-2 Solar Sail Dramatically Reduces Trip Times
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4.3.7 Plasma Sails (M2P2)

A novel new approach to spacecraft propulsion using a virtual sail composed of low

energy plasma might harness the energy of the solar wind to propel a spacecraft

anywhere in the solar system and beyond. Such plasma sails will effect their momentum

transfer with the plentiful solar wind streaming from the sun, requiring very little

propellant. Plasma sails use a plasma chamber attached to a spacecraft as the primary

propulsion system. Solar cells and solenoid coils would power the creation of a dense

magnetized plasma, or ionized gas, that would inflate an electromagnetic field up to 19

kilometers in radius around the spacecraft. (In the future, fission power could be used.)

The field would interact with and be dragged by the solar wind. Creating this virtual sail

will be analogous to raising a giant physical sail and harnessing the solar wind, which

moves at 780,000 to 1.8 million miles an hour.

Tests of the plasma sail concept are ongoing at the Marshall Space Flight Center (MSFC)

and The University of Washington. Figure 4.3.7-1 shows trapped plasma on closed field

lines extending 2 meters into a large vacuum chamber during a recent series of tests at

MSFC. Specifically, the image shows inflation of the helium gas feeding the helicon

plasma source. The luminosity results from the ions colliding with and exciting residual

gas in the chamber. Visible closed field lines were seen extending 2-3 meters into the

chamber from a 20 cm coil. There is evidence, such as in this image, that much more

distant field lines were closed. In particular, the arc seen extending downward from the

coil would not be expected to be there unless plasma ejected from the top followed high

latitude field lines to the "southern" hemisphere of the coil. That puts closed field lines

perhaps entirely across the chamber or about 5 meters. Thrust tests, using a Hall Thruster

to simulate the solar wind, are planned in 2002 - 2003 timeframe. An artist's concept of

a plasma sail driven spacecraft flying past Jupiter is shown in Figure 4.3.7-2. Depending

on the size of the plasma sail generated, significant reductions in trip times for all in-

space missions can be achieved. Figure 4.3.7-3 shows how the size of the plasma sail

effects trip times.

46



IISTP Phase I Final Report
September 14, 2001

Figure 4.3.7-1 Plasma Sail Inflation Demonstration in 2000

Figure 4.3.7-2 Spacecraft Using a Plasma Sail

14 aceModcq/M2P2/
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4.3.8 Solar Thermal

Solar thermal propulsion (STP) effectively bridges the performance gap between

chemical and electric propulsion by offering higher Isp's (= 800 - 1000 secs) than

chemical options (= 300 - 500 secs) and higher thrust-to-weight ratios than electric

systems. STP requires only one propellant and combines medium thrust with moderate

propellant efficiency to enable relatively short 30-day trips from low Earth orbit to

geostationary Earth orbit.

The propulsion system of a solar thermal-powered spacecraft consists of three basic
elements: a Concentrator which focuses and directs incident solar radiation, a

Thruster/absorber which receives solar energy, heats and expands propellant (hydrogen)

to produce thrust, and a Propellant system which stores cryogenic propellant for extended

periods and passively feeds it to the thruster/absorber. Figure 4.3.8-1 provides a

simplified description of the operation of a solar thermal propulsion system.

Figure 4.3.8-1 Solar Thermal Propulsion Operating Principle

i,,www.m sf,,.r a,qa4z_;v,,N1I.),,prcp_:_ls_or/re,%earc_/s_;_ar/
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4.3.9 NuclearThermalPropulsion/NuclearElectricPropulsionBimodal

The Nuclear Thermal Propulsion/NuclearElectric Propulsion(NTP/NEP)bimodal
systemusestheNTP enginefor maneuversin ahigh-gravityfield,whereits highthrust-
to-weightratiominimizesgravitylossesandtrip time. Onceoutsideof aplanet'sgravity
well, thesystemusesthenuclearreactorto produceelectricityfor a NEPenginethatis
well suitedfor interplanetarytransfers,dueto itslow T/Wratioandhigh Isp.

The mission benefits of this approach are highly mission dependent, because there is a

trade-off between the high T/W (e.g., vehicle T/W>0.1) and relatively low Isp (e.g., 800-
1000 lbf-s/lbm) of the NTP mode, and the low T/W (e.g., vehicle T/W<10 -3) and relatively

high Isp (e.g., 2000-5000 lbr-s/lbm) of the NEP mode. Figure 4.3.9-1 shows a simple

schematic of a NTP/NEP bimodal propulsion system.

Figure 4.3.9-1 NTP/NEP Bimodal Operating Principle
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4.3.10Aerocapture

Aerocapturereliesontheexchangeof momentumwith aplanetaryatmosphereto achieve
thrust,in thiscasea deceleratingthrustleadingto orbit capture. Aerocapturehasnotyet
been demonstrated,though it is very similar to the flight-proven technique of
aerobraking,with thedistinctionthataerocaptureis employedto reducethevelocityof a
spacecraftflying by aplanetsoastoplacethespacecraftintoorbitabouttheplanet. This
techniqueis very attractivefor planetaryorbiters sinceit permitsspacecraftto be
launchedfrom Earthathighspeed,providingashorttrip time,andthenreducethespeed
by aerodynamicdragatthetargetplanet.Withoutaerocapture,a largepropulsionsystem
wouldbeneededon the spacecraftto performthesamereductionof velocity. Possible
impactswould includereductionsin thedeliveredpayloadmass,increasesin thesizeof
the launchvehicle(to carrytheadditionalfuel requiredfor planetarycapture)or simply
makingthemissionimpossibledueto thetremendouspropulsionrequirements.Figure
4.3.10-1showsvariousconceptualaerocapturetechniques.

Figure 4.3.10-1 Various Aerocapture Techniques
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The aerocapture maneuver begins with a shallow approach angle to the planet, followed

by a descent to relatively dense layers of the atmosphere. Once most of the needed

deceleration is reached, the vehicle maneuvers to exit the atmosphere. To account for the

inaccuracies of the atmospheric entering conditions and for the atmospheric uncertainties,

the vehicle needs to have guidance and control as well as maneuvering capabilities. Most

of the maneuvering is done using the lift vector that the vehicle's aerodynamic shape (i.e.,

lift-to-drag ratio, L/D) provides. Upon exit, the heatshield is jettisoned to minimize

thermal problems and a short propellant burn is required to raise the orbit periapsis.

Given the communication time delay resulting from the mission distances from Earth, the

entire operation requires the vehicle to operate autonomously while in the planet's

atmosphere. Figure 4.3.10-2 shows the propulsion system mass savings that are possible

with an aerocapture system.
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4.4 Step Four: Figures of Merit (FOM)Weighting

The FOMs were tailored for each mission category through the application of weights.

Some FOMs were extremely important for some mission categories and not even

applicable for others. Therefore, for each mission category the FOMs were weighted by

the appropriate Enterprise on a scale of "0 to 10", where "0" indicated "not applicable"

and "10" indicated "of highest importance".

The "0 to 10" weighting scale was adopted from the highly successful Kepner-Tregoe 17

(K-T) method for decision making used throughout government and industry over the

past forty years. Once all "not applicable" criteria are weighted "0", the K-T method

suggests that within each of the five FOM categories the most important criteria be

identified first and be weighted a "10". Next, the remaining criteria should be weighted

in relative importance to the most important criteria on a scale of 1 to 10 within the FOM

category. It is important to note, the criteria are not ranked, rather, a "pair-wise"

comparison of each criterion to those criteria weighted a "10" are made. Given these

guidelines, each FOM was weighted by the appropriate Enterprise, and the resulting

weights for the mission categories analyzed are shown in Table 4.4-1.

Unfortunately, the K-T method was not well understood by some of those assigning the

weights and some of the K-T guidelines were not strictly adhered to. For example, a

weight of "10" was not assigned to any of the FOMs in the "Technical",

"Reliability/Safety", Cost" or "Schedule" FOM categories for the "Earth Vicinity"

mission category. This did not affect the end result since all scores were normalized to

100 within each FOM category (see Section 4.5).

The FOM weights were not disclosed by the MRT to any other members on IISTP team

(with the exception of a select few IAG members) until the TT, ST and CT completed all

scoring. This ensured that members of the scoring teams could score each FOM

independently without regard to their relative importance to one another.
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FOM CATEGORY

PERFORMANCE

TECHNICAL

RELIABILIT_

SAFETY

COST

SCHEDULE

FIGURES OF MERIT

1 Payload Mass Fraction

2 Trip Time

4 Time on Station

19 Propulsion System Launch Mass & Volume

3 Operational Complexity

5 Propellant Storage Time

6 Station Keeping Precision

14 Crew Productivity

15 Sensitivity to Malfunctions

16 Sensitivity to Performance Deficiencies

17 Enable In-Space Abort Scenarios

18 Crew Exposure to In-Space Environments

31 Pre-Launch Environmental Hazards & Protection

41 In-Space Environmental Hazards & Protection

42 Crew Exposure & Safety

43 Payload Exposure & Protection

51 Relative Reliability Assessment

53 Operating Life

61 Technology Advancement Cost

62 Mission Non-Recurring Cost

67 Operational Cost

68 Mission Recurring Cost

81 Total Development Time

82 Special Facility Requirements

83 Architectural Fragility

84 Maturity (TRL Level)

Solar
Earth HEDS-

System &
Vicinity Mars

Beyond

10 9 5

5 10 10

5 0 0

0 10 1

5 9 5

5 9 5

2 0 0

0 0 5

8 10 5

7 10 5

2 0 7

5 0 3

5 10 0

8 10 2

0 0 8

8 8 8

8 10 10

7 10 0

8 9 2

8 9 10

9 10 7

9 10 7

5 10 10

5 9 3

5 9 5

5 8 10

Table 4.4-1 IISTP Phase I FOM Weights
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4.5StepFive: EvaluationandScoringof CandidateISPTechnologies

Thissectiondescribesin detailtheprocessof evaluationandscoringof thecandidateISP
technologies,in orderto providearecordof whatwasdone,howit wasdoneandin some
instanceswhy. Detailedtechnicalinformationfromthemissionanalysesispresentedin
AppendixD. Selectionof thescoringmethodologyis described,asis thescoringprocess
itself. Finally,compilationandpresentationof theresultsin a form usefulto decision
makersis described.

4.5.1MissionAnalyses

Time,resourceandtechnologyinformationalconstraintsseverelylimited thedepthand
extentof the missionanalysesperformedduring IISTP PhaseI. In general,mission
analysesincludedperformingtrajectoryanalysis,applyingpropulsionperformanceand
sizingalgorithms,anddetermininginitial launchconditionsfor themission. For low-
thrustsystems,trajectoryanalyseswereparametricin termsof specificimpulse,andin
somecasesmass-to-powerratioperformance.(Low-thrusttrajectoriesvarydependingon
theseparameters,and feasibleand/orreasonablepayloadmassfractionand trip times
mustbedeterminedjointly with Isp,mass-to-powerratio,andtrajectory.)

TheNeptuneOrbitermissionwasthepathfinderfor all scoring,andnearlyeveryISP
systemwasevaluatedfor thatmission.

4.5.2ScoringMethodologies

Oncemissionanalyseswerecompleted,thescoringteamswereprovidedwith guidelines
in the FOM Dictionaryfor scoringeachof the candidateISP technologies.Scoring
guidelineswerebasedon a non-linearscaleof 0, 1, 3, or 9 representingnone,weak,
moderateor strongsatisfactionof theFOM,respectively.Thisschemewasadoptedfrom
similar applicationsusing Quality Function Deployment18'19'2°(QFD), widely used
throughoutthe world since 1966. Other scoringmethodologiessuchas Analytic
Hierarchy Process 21'22'23 (AHP) were considered but did not seem appropriate given the

nature of the Phase I process. Specifically, on each mission AHP would require the

scoring teams to perform pair-wise comparisons of every candidate technology against a

baseline or pivot technology. AHP redundancy does promote consistent scoring.

However, the number of judgments required to perform redundant pairwise comparisons

can be very large if there are a large number of FOMs and/or a large number of candidate

technologies.
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Thenumberofpair-wisejudgmentsrequiredwhenusingAHPis givenby:

Where

and

nl
AHP=m

2(n- 2)!

n= numberof ISPsystems

m = numberof FOM

Forexample,to evaluatetheNeptuneOrbitermission,

n = 20andm = 26

Therefore,AHPwouldrequirenearly5,000judgmentsbemade.

ThenumberofjudgmentsrequiredwhenusingQFDis givenby:

QFD= n x m

For theNeptuneOrbiterevaluation,QFDallowsthesameevaluationsto bemadewith a
little over500judgments.This is nearlyanorderof magnitudedifferencein theoverall
numberof judgmentsrequired for the mission. Sensitivityanalysesindicatedthe
consistencyachievedusingQFDequaledthatfor AHPfor theseanalyses.

4.5.3ScoringActivities

The ST and TT worked togethersincetherewasoverlappingmembership,and the
considerationsappliedto derivescoresfor severalof theFOMhadcommonfactors.The
CT for themostpartworkedindependently,but reviewedits findingswith theSTandTT
to ensurereasonableconsensus.

TeleconferenceswerescheduledTuesdaysandThursdaysby the ST Leadandusually
lastedabouttwo hours.Applicableperformancedata,strawmanscoringwhenavailable,
andotherinformationweredistributedin advanceby e-mail. Scoringwasaccomplished
accordingto theguidelinesgivenin theFOMDictionary.

4.5.3.1Strawmanscoring

Strawmanscoringwasusedat thebeginningof thescoringprocess(usingthemission
analysisresultsfor theNeptuneOrbitermission)to testandrefinetheprocess.Strawman
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scoringwasalso usedthroughoutthe processto facilitate scoringin the teleconby
providinga"scoringstartingpoint".

4.5.3.2DataPresentation

Trajectory,performanceandotherrelevantdata,suchasavailablebriefingsandreports,
weredevelopedin advanceof eachscoringtelecon.Thepreparerorotherknowledgeable
personwouldreviewthedataprior tobeginningeachscoringsession.

4.5.3.3Advocacyand/orExpertInput

At leastoneexpertoneachpropulsionsystemwasonhandfor thescoringdiscussions,to
(1) ensurecorrectinterpretationof the technologycapabilities,(2) answerquestions,
particularlyasto howwell thetechnologysatisfiedeachFOM,and(3) to generallyactas
an advocatefor thetechnology. Therole of the STmemberswasto act in a neutral
evaluationrole,andto raiseissuesthatmightaffecteachtechnology'sscore.

4.5.3.4ReachingConsensus

A goal duringthe scoringteleconswas to achieveconsensuswheneverpossible. At
times,lengthydiscussionsof particularmeritsof a technologyensued.Normally,more
thanonetechnicalexpertwasknowledgeableon thetechnologybeingconsidered,and
multipleopinionswouldbe offered. If a consensuscouldnotbe reached,theST Lead
wouldmakethescoringdecisionbasedonamajorityview, andaddanoteto thateffect
includingthesubjectof thedisputeto thescore.Outof almost2500scoresassigned,less
thantenweredisputed.A sensitivityanalysis,laterapplied,determinedthatnoneof the
disputedscoreshadaneffectontheoverallfinal prioritizationof ISPtechnologies.

4.5.3.5Recordingof Results

TheSTLeadrecordedall scoresin a spreadsheetformatthatwasthendistributedto the
scorersby e-mail for review andverification. In a few cases,recordingerrorswere
discoveredandcorrectedin subsequentscoringtelecons.Recordedresultswereprovided
to thelAG for review.

4.5.3.6lAG Review

ThelAG reviewedscoringresults,usuallyin light of preliminaryprocessingresults.The
lAG askedquestions,particularlyregardinginterpretationandapplicationof theFOM
Dictionary,andof therelationshipsof thescoresto therelatedFOM. Forexample,if a
technologywasratedlow in technologyreadinessbut high in technologyadvancement
cost(i.e.low in cost),the lAG wouldaskfor anexplanation.If the STLeadcouldnot
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provideanadequateanswerorrationaleto theIAG, thescoresin questionwererevisited
by thescoringteam(s),andoftenchanged.

TheFOM definitionswererefinedbasedon feedbackduringthestrawmanandregular
scoringsessions.As theFOMdefinitionswerebetterunderstoodoverthecourseof the
scoringandreviewactivities,afewscoreswererevisitedandchanged.

4.5.4 CompilationandPresentationof ScoringData

Oncefinal scoreswere determinedfor eachmission,the scoringteamsubmittedthe
scoresto the IAG wheretheyweremaintainedin acontrolledscoringdatabase.FOM
weightswere appliedto the scoresandtheresultingnormalizedweightedscoreswere
plottedasa seriesof barcharts. TheIAG assignedweightsto eachof the five FOM
categories(Performance,Technical,Reliability/Safety,Costandschedule)basedon the
primary and supportingobjectivesof the IISTP PhaseI effort. The FOM category
weightswereappliedto normalizedweightedscoresandtheresultsplottedin theform of
scatterplots. The scatterplots facilitatedthe cost-benefitassessmentof each ISP
technologyfor eachmission.

4.5.4.1NormalizedWeightedScoreSheets

An exampleof thenormalizedscoringwork sheetsis givenin Figure4.5.4.1-1for the
Titan Explorermission. For eachFOM category,a normalizedtotal wascomputed,
basedon theFOMscoreandweightas

NormalizedTotal = 1O0

Z wisi

i

9ZWi
i

Where

Wi = weight of the ith figure of merit

Si = score for the ith figure of merit

Note, if a technology scores the highest possible score "9" for each FOM within a FOM

category, the normalized total for that technology for that FOM category is 100.
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FIGURES OF

MERIT

Figure 4.5.4.1-1 Sample Scoring Sheet for Titan Explorer

The final, weighted, consensus scores for each mission are given in the tables contained

in Appendix C.
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4.5.4.2 Bar-Line Plots

The tabular scoring data contained in the worksheets was graphically represented as a

series of bars as shown in Figure 4.5.4.2-1 for the Titan Explorer example. The bars

indicate the normalized total for each FOM category and are grouped by technology. The

chart provides a quick visual depiction of how each technology scored relative to each of

the FOM categories.

For example, the technologies (SOA Chemical excepted) with the best scores in each

FOM category for the Titan Explorer mission are:

Performance (light-blue):

Technical (yellow):

Reliability/Safety (green):

Cost (orange):

Schedule (blue):

Plasma Sails (M2P2)
NEP Ion

NTP

Solar Sails

SEP Ion

A

"7,

O
O

"O

E
O

Z

lOO

80

60
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SOAChem/ SOAChem/ SEP 5kW/ SEP 10kW/ Nuclear Solar Sails/

Chem AC/Chem AC/Chem AC/Chem Electriclon AC/Chem

iiiiiiii_iiiiiiiii

iiiiiiii_iiiiiiiii

Mag-sail Nuclear NTP Bimodal

(M2P2) Thermal AP

AC/Chem Prop/AC

Blank Blank

Figure 4.5.4.2-1 Parallel Bar Chart for Titan Explorer
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Note that some ISP technologies may score high for some FOM categories and low for

others. As an example on the Titan Explorer mission, NEP ion scored relatively high on

the Technical FOM category and low on the Cost FOM category. Furthermore, NEP ion

scores on the Performance and Schedule FOM categories were about average. No one

technology can be expected to score the highest on all FOM categories. In addition, not

all FOM categories are of equal importance to the overall goals and objectives for ISP

technology selection and prioritization. Therefore, bar charts alone while providing a

quick visual depiction of relative scoring, make it extremely difficult to select the best

ISP candidate(s) for a given mission.

4.5.4.3 FOM Category Weights

The relative importance among the FOM categories was accounted for through the

establishment and application of weights to the FOM category normalized scores. The

establishment of the FOM category weights was a very important aspect of the evaluation

process. In the development of any system, there are primary objectives that reflect the

purpose for which the system is to be developed, and there are supporting objectives that

reflect the constraints under which the system will be developed.

Specifically, the overall objective of the IISTP Phase I effort was to identify and

recommend for investment those candidate ISP technologies that could most effectively

and economically perform the highest priority missions. The primary objective was ISP

performance; those ISP technologies that can significantly reduce trip time and increase

payload mass fraction for future space missions. The supporting objectives were that the

ISP system be cost-effective, safe, and reliable. In general, primary objectives support

advanced technologies, while supporting objectives often support retention of current

SOA technologies. Existing technologies inherently have less programmatic risk due in

large part to their level of maturity and usage experience. Less programmatic risk usually

results in SOA systems scoring better than advanced systems on reliability/safety, cost

and schedule FOM categories. Placing too much weight on these FOM categories and on

supporting objectives, would favor existing technologies, and make new technologies

appear less attractive.

The lAG carefully considered FOM category weights to ensure the primary objectives

and supporting objectives were properly accounted for in the final results. Performance

was determined to be twice as important as cost for advance ISP technologies. Cost and

Technical were equally weighed and determined to each be twice as important as either

reliability/safety or schedule. The resulting FOM category weights were:

Performance 40%

Technical 20%

Reliability/Safety 10%
Cost 20%

Schedule 10%

61



IISTPPhaseIFinalReport
September14,2001

4.5.4.4EffectivenessversusCost

As statedearlier,the overall objectiveof the IISTP PhaseI effort was to identify and
recommendfor investmentthosecandidateISPtechnologiesthatcouldmosteffectively

and economically perform the highest priority missions. To facilitate the evaluation of

the candidate technologies based on their relative effectiveness and economies, two new

parameters were defined:

Effectiveness Parameter- A measure of how well the candidate ISP technology reliably

and safely performs the mission and meets the technical objectives. The Effectiveness

parameter was computed by a linear combination of the normalized totals for

performance, technical, and reliability/safety FOM categories and their respective relative

weights and is expressed as

E =.57p +.28 t+.14 r

Where E = effectiveness parameter

p = normalized total for performance FOM category

t = normalized total for technical FOM category

r = normalized total for reliability/safety FOM category

The coefficients of .57, .28 and .14 were calculated based on the FOM category weights

discussed in the previous subsection.

For example, the coefficient for p is 40/(10+20+40) = .57.

Cost Parameter- A measure of how economical the ISP technology is in terms of cost and

schedule considerations. The Cost Parameter was computed by a linear combination of

the normalized total of cost and schedule FOM categories and their respective relative

weights and is expressed as

C =.67 c +.33 s

Where C = cost parameter

c = normalized total for the cost FOM category

s = normalized total for the schedule FOM category

As with the Effectiveness Parameter, the coefficients of .67 and .33 were calculated based

on the FOM category weights discussed in the previous subsection.
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TheEffectivenessParameterwasplottedagainsttheCostParameterfor eachof thenine
missions,andtheresultsarepresentedin AppendixC. An exampleof sucha plot is
shown in Figure 4.5.4.4-1for the Titan Explorer mission.It is simple enoughto
determinehow eachISP technologycomparesrelativeto the Effectivenessand Cost
Parametersby looking to the top andright-mostpoints, respectively. For the Titan
Explorer,M2P2(point #17) has the highestEffectivenessParameterscoreand SOA
Chemical(point#2)withaerocapturehasthehighestCostParameterscore.

2 SOA Chem/AC/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

10 SEP(5 kW)/AC/Chem

11 SEP (10 kW)/AC/Chem

13 NEP Ion

16 Solar Sails/AC/Chem

17 Mag-sail (M2P2)/AC/Chem

AP All Propulsion

AC Aero Capture

SOA State-of-the-art

MX Momentum Exchange

NEP Nuclear Electric Propulsion

NTP Nuclear Thermal Propulsion

SEP Solar Electric Propulsion

MX Momentum Exchange

0 10 20 30 40 50 60 70 80 90
Cost Parameter (Linear Combination of Cost and Schedule)

Figure 4.5.4.4-1 Cost/Effectiveness Scatter Chart - Titan Explorer Mission
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To determinethe ISPtechnologywith thebestcombinationof EffectivenessandCost
ParameterScores,is a simple matter of overlayinga seriesof lines of "constant
goodness"referredto as "Isos". "Isos" arelinesconstructedby connectingequivalent
valueson both the abscissaand ordinatescalesas shownin Figure4.5.4.4-2. For
example,NEPIon (point#13) andSolarSails(point#16)lie closeto the 80-80"Iso".
Thatis a linepassingthrough(0, 80)and(80,0)coordinateson theordinateandabscissa
scales,respectively.EventhoughNEPIon scoredmuchbetterthanSolarSailson the
EffectivenessParameterscore,thedifferenceis "equallyoffset"by theadvantageSolar
Sailsgainedin theCostParameterscore.For thiscase,bothtechnologiesaretreatedas
competitivewith oneanother. Similarly, the M2P2appearsto havethe bestoverall
combination(EffectivenessandCost)scoreeventhoughtheSOAChemicalhadahigher
CostParameterscore.

2 SOA Chem/AC/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

10 SEP(5 kW)/AC/Chem

11 SEP (10 kW)/AC/Chem

"".. 13 NEP Ion

"1_ Solar Sails/AC/Chem

17 "M_g-sail (M2P2)/AC/Chem

",, AP = All-Propulsion

N,C = Aero C.apture

SdA. State-o}M_e-art

•.. MX = MQmentum Exchange
• ., ,. ,
"NEP = Nuclear Electrlb.I_ropulslon

NT'P. = Nuclea}-_hermal t3"l_ulsion

,, SEP "g.olar Elect_,_: PropulsioN..

"'._vIX = Mo"l_ntum E_taange "'-

Figure 4.5.4.4-2 Cost-Effectiveness Scatter Chart for Titan Explorer Mission

with "Isos" overlays
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Finally, plots were generated to see how each technology compared across missions.

Figure 4.5.4.4-3 shows the results for the NEP technology. "No Application" means that

the technology was not applicable to the indicated missions. In this case, the plot shows

that NEP systems never scored better than 40 on the Cost Parameter but had a fairly wide

variation from mission to mission on the Effectiveness Parameter. This is not surprising

since all NEP systems will face the same development cost and schedule challenges

regardless of the mission, but be more effective on some missions than on others.

90 :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

[] Neptune Orbiter
80

_i_i_Titan Explorer

Europa Lander
70

Interstellar Probe

Mars Return

60 ..................... _i_i_Solar Polar

"_ _ Magnet. Constel.

__ 50 ":_:"[] Pole Sitter

=e _ HEDS Mars
x%x

.__40
_: !I 2
m

30

20

N _ Appiieafi6.
lO

0

0 10 20 30 40 50 60 70 80 90

Cost Parameter

Figure 4.5.4.4-3. Cost-Effectiveness Scatter Plot for NEP for All Missions
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4.6 Step 6: Prioritization of ISP Technologies

Responsibility for final prioritization of ISP technologies during Phase I was left to the lAG.

During Phase I, nine missions were analyzed to evaluate more than 20 different propulsion

system options against 26 FOM. The results were synthesized and represented in approximately

20 different bar-line and scatter plots. Given the extensive amount of data generated, it was

decided that the most efficient way to analyze the data and formulate a set ofprioritizations was

to convene the IAG face-to-face in an off-site workshop. The primary objective of the workshop

was to identify a prioritized set of ISP technologies that could be used to guide investment

decisions. The IISTP Technology Prioritization Workshop Process is illustrated in Figure 4.6-1.

mmmmmmmmmmmmm

Figure 4.6-1. IISTP Technology Prioritization Workshop Process
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4.6.1 Level III Decomposition

The approximate 20 propulsion systems analyzed were comprised of combinations of 17

distinctive ISP technologies. The primary objective of Level Ill Decomposition was to

segregate the technologies into three "bins" according to their In-Space function:

1) Transport: ISP technologies used to transport the payload to the destination.

2) Propulsive In-Space "Infrastructure": ISP technologies that provide an

infrastructure in space for repetitive use on multiple missions such as
momentum tethers.

3) Maneuvering: ISP technologies used to maneuver the payload at the

destination.

The results of Level Ill Decomposition are given in Table 4.6.1-1. All but three of the

technologies could be classified as transport technologies. Some technologies were

labeled "TBA" or "to be analyzed", since it was believed more analysis was required to

effectively determine their potential role mission role.

PROPULSIVE
IN-SPACE

ISPTECHNOLOGY TRANSPORT "INFRASTRUCTURE" MANEUVERING
SOAChemical(pivot)
AdvancedChemical X TBA TBA
NTP X
NTPBimodal X TBA
MXTether X
SEP Hall X X TBA
SEP Ion X TBA
NEP Hall X TBA TBA
NEP Ion X TBA
NEPVaSIMR X
NEP MPD X
Solar Sails X TBA X
PlasmaSails X TBA TBA
Radio-Isotope TBA
Solar Thermal X TBA TBA
NTP/NEP Hybrid X TBA TBA
Aero-Capture X

Table 4.6.1-1 Level III Decomposition Results
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4.6.2 Level II Decomposition

Once the transport ISP technologies were segregated during Level III Decomposition,

each was evaluated using the data and scores generated prior to the workshop. The

primary objective of Level II Decomposition was to segregate these technologies

according to how well they scored in Step 5. The scatter plots of Overall Performance

versus Overall Cost measures, presented in Appendix C, were used extensively during the

Level II Decomposition.

There were three scoring bins:

1) Best in Class: ISP technologies that scored highest on at least one of the nine

missions analyzed.

2) Strong Performer: ISP technologies that scored well (i.e. Effectiveness

Parameter score greater than 50%) over a majority of the nine missions.

3) High Risk/High Payoff: ISP technologies that are considered to be high risk

due to their low TRL, but have a potential for high payoff should they be

developed.

The results of the Level II Decomposition are given in Table 4.6.2-1.

ISP Technology
SOA Chemical (pivot)

"Best In Class" "Strong Performer" "High Risk/High Payoff"

Advanced Chemical MSR EL
NTP NO,MSR,TE,MP
NTP Bimodal MSR,MP
MX Tethers NO,EL X
SEP Hall MP, MC
SEP Ion NO, TE, MSR,EL,PS MC,SPI
NEP Hall
NEP Ion MSR, MP, NO, TE, EL
NEP VaSIMR NO
NEP MPD NO++
Solar Sails SPI, PS
Solar Sails (lgm/m2)
Plasma Sails

ISP
NO,ISP,MSR,EL,TE

Solar Thermal MC

NTP/NEP Hybrid
Aero-Capture NO,MSR, TE, MP

KEY: NO- Neptune Orbiter EL- Europa Lander MP- Mars Piloted TE- Titan Explorer PS- Pole Sitter SPI- Solar Polar Imager

MC- Magnetospheric Constellation ISP- Interstellar Probe MSR- Mars Sample Return X- High Risk/High Payoff

Table 4.6.2-1 Level II Decomposition Results
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4.6.3 Level I Decomposition

The primary objective of the Level I Decomposition activity was to determine each of the

Code Y, S, and M Enterprise priorities. Each of the Enterprise customers was asked to

rate the technologies for their respective Enterprises based on High, Medium, Low, and

High Risk/High Payoff.

The results of the Level I Decomposition are given in Table 4.6.3-1.

HIGH

ISP Technology HIGH MEDIUM LOW PAYOFF/HIGH
RISK

Advanced Chemical S, M
NTP M S
NTP Bimodal M
MX Tethers S,M
SEP Hall M
SEP Ion S
NEP Hall M
NEP Ion S
NEP VaSIMR M
NEP MPD M
Solar Sails S M

Solar Sails (lgm/m2)
Plasma Sails
Solar Thermal M

NTP/NEP Hybrid
Aero-Capture S,M
Precision Station
Keeping Placeholder S,Y

S,M

S = Code S Priority
M = Code M Priority

Y = Code Y Priority

Table 4.6.3-1 Level I Decomposition Results
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4.6.4 IISTP Technology Prioritization End-Product

The final step, in the IISTP Phase I Workshop process, was to combine all of the results

into a cross-Enterprise prioritized set of ISP technologies that could be used to guide

investment decisions. The lAG as a whole reached a consensus and the results are given
in Table 4.6.4-1.

HIGH PAYOFF/
HIGH MEDIUM LOW DROP

HIGH RISK

Solar Sails Solar Thermal Plasma Sail NTPAerocapture
(for robotic & HEDS)

SEP Ion (5/10 kW)

NEP (Low- to High-
Power Scalable)

SEP Hall (100kW)

Class I Electric
Propulsion

(30kW- 100kW
3,000 - 10,000 sec

eft >50%)
Advanced Chemical

(cryo +TBD)
Class II Electric

Propulsion
(> 500kW

> 3000 sec
eft >50%)

Bi-modal NTP
(Low- to High-Power

Scalable)
MXER Tether

Solar Sail (lgm/m2)

Table 4.6.4-1 IISTP Phase I Consensus Results
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5.0Conclusions

ISP technologieswereidentifiedandprioritizedaccordingto their relativepayoff and
their ability to performand/orenablecustomerprioritizedmissions. ISP technologies
were selectedbasedon their ability to effectivelyandeconomicallysupportmultiple
NASA Enterprises.All applicableadvancedISPtechnologieswereanalyzedonat least
onemission.

Theevaluation,selectionandprioritizationprocesswasdesignedto ensurethecandidate
ISP technologiesmaximizedmission successand minimized mission risks. The
evaluation,selectionandprioritizationprocessprovidedtherationaleanddataneededto
guideinvestmentdecisions.

The IISTPPhaseI effort concludedwith a consensusacrossNASA Programs,Projects,
TechnologyCentersandEnterprisesasto thosetechnologiesthatdeserveconsiderationin
futureinvestmentdecisions.
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6.0Recommendations

For a fixed vehiclemassin low earthorbit (LEO),the vehiclemassmaybe allocated
betweenpropellantandpayloadmass.Thisyieldsatradespaceof trip timeandpayload
mass. One of the benefitsof advancedpropulsionsystemsis that they provide a
relatively largetrip time/payloadmasstradespacewhencomparedwith conventional
chemicalpropulsionsystems. In this study, time and resourcesdid not permit
quantitativedefinition of this tradespace. It is recommendedthat future studies
quantitativelydefinethetrip time/payloadmasstradespacefor severalselectedmissions
for severalselectedadvancedpropulsiontechnologies.It is furtherrecommendedthat
customersexaminethetradespaceandmakerecommendationson optimalselectionof
trip timeandpayloadmasswithin thetradespace.

For eachcombinationof propulsiontechnologyandmission,thereis anoptimalspecific
impulse.Thisis derivedfrom thefactthatasspecificimpulseincreases,propellantmass
decreases,but the fixed propulsionmassrequiredto achievethe specific impulse
increases.Therefore,thereis usuallysomespecificimpulsefor whichthetotalmass(dry
masspluspropellantmass)is aminimum. It is recommendedthatfutureeffortsinclude
the definitionof therelationshipbetweenspecificimpulseandpropulsionsystemmass
for selectedcombinationsof propulsionsystemtechnologyand missionto enable
propulsionsystemdevelopersto focustheir efforts on specificimpulserangesmost
beneficialto futureNASAmissions.

For most of the figuresof merit, the 0, 1, 3, 9 scoringsystemrepresentingdegreesto
which the propulsiontechnologysatisfiedthe figure of merit was adequate.This is
particularlytruefor figuresof merit for whichthedegreeof satisfactionof thefigureof
merit is substantiallyqualitative. However,therearesomefiguresof merit for which
quantitativeanalysisispossibleandappropriate.Trip timeandpayloadmassfractionare
two importantfiguresof merit for which quantitativedefinition is both possibleand
appropriate. The detailedderivationof quantitativefigures of merit requiresmore
resourcesthanwereavailablefor thepresentstudy. However,it is recommendedthatin
futurestudies,quantitativeanalysisbeusedto definetheseparametersquantitativelyfor
selectedcombinationsof propulsiontechnologiesandmissions. Theseresultsmaybe
usedasadjunctsto thetypeof analysisusedin thepresentstudyormaybeusedasdirect
scoresin thescoringprocess.

In the scoringprocess,scoreswere establishedafter verbal interchangeamongthe
systemsteamor otherscoringunit. Usually,therationalebehindthescorewaslostin the
process.It is recommendedthatin futureefforts,a brief rationalebehindthescoresbe
recordedon asystematicbasisfor reviewby others. It is furtherrecommendedthatthe
schedulefor scoringbemodifiedto accommodatetherecordingof rationale.
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Therearetwoprogramneedsthatmustbeaddressedin thefuture. First,thereis aneed
to formulatequantitativeresultswhereappropriate,addressthetrip time/payloadmass
trade space,and addressthe issue of optimal specific impulseas discussedabove.
Second,thestateof theknowledgeandthestateof developmentof thevariousadvanced
propulsiontechnologieschangesovertime. Thestateof definitionof missionschanges
over time, andnew missionsareconceivedover time. Furthermore,it is hopedand
anticipatedthatmissionplannerswill conceivenewmissionsenabledby theISPprogram
and/ormodify currentlyplannedmissionsbasedon new missioncapabilitiessuchas
availabilityof largequantitiesof electricpowerat the destination.Therefore,astime
progresses,there is a needto repeatthis processand makeappropriatechangesin
recommendationsasknowledgeaboutthepropulsiontechnologiesandof the missions
changes.It is recommendedthattheissuesof quantitativeresults,trip time/payloadmass
tradespace,and optimalspecificimpulsebe addressedin FY02 for severalselected
combinationsof propulsiontechnologyandmissionsthat havebeenaddressedin this
study. Furthermore,it is recommendedthat the processdescribedin this report be
repeatedin FY03 and on a bi-annualbasis thereafterand that the selectionof
technologiesbe reviewed on a bi-annual basis until advancedtechnologiesare
sufficientlydevelopedthattheycanbedefinitivelyassignedto missions.
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7.0AcronymsandAbbreviations

AHP- AnalyticHierarchyProcess

ASTP- AdvanceSpaceTechnologyProgram
AU - AstronomicalUnit

CodeM - HumanExplorationandDevelopmentof SpaceEnterprise

CodeS- SpaceScienceEnterprise

CodeY - EarthScienceEnterprise

CNSR- CometNucleusSampleReturn
CT- CostTeam

DS1- DeepSpace1

EASI- EarthAtmosphericSolarOccultationImager

ED- Electrodynamic

EP- ElectronicPropulsion

EREMF- EarthRadiativeEnergyMeasurementFacility

ESA- EuropeanSpaceAgency

FOM- Figureof Merit

GEC- GeospaceElectrodynamicConnections

GEO- GeosynchronousEarthOrbit
GRC- GlennResearchCenter,Cleveland,Ohio

GSFC- GoddardSpaceFlightCenter

HEDS- HumanExplorationandDevelopmentof Space

HEDM - HighEnergyDensityMatter
IAG - IISTPAdvisoryGroup

IISTP- IntegratedIn-SpaceTransportationPlan

ISP- In-SpacePropulsion

ISPP- In-SituPropellantProduction

ITAC- IntegratedTechnologyAssessmentCenter

JSC- JohnsonSpaceCenter,Houston,TX

JPL- JetPropulsionLaboratory

LaRC- LangleyResearchCenter
LEO- Low EarthOrbit
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M2P2- Mini-MagnetosphericPlasmaPropulsion

MPD- magnetoplasmadynamic

MRT- MissionRequirementsTeam

MSFC- MarshallSpaceFlightCenter,Huntsville,AL

MX- MomentumExchange

NASA- NationalAeronauticsandSpaceAdministration

NEP-Nuclear ElectricPropulsion

NGST- NextGenerationSpaceTelescope

NSTAR- NASA SolarElectricTechnologyApplicationReadiness

NTP-Nuclear ThermalPropulsion
NTR- NuclearThermalRocket

QFD- QualityFunctionDeployment

OMB- Officeof ManagementandBudget

OSS- Officeof SpaceScience

PER- overallperformancemeasure
POC- Pointof Contact

PIT- PulsedInductiveThruster

PRO- overallprogrammaticmeasures
RE- EarthRadii

SEP- SolarElectricPropulsion

SIM- SpaceInterferometryMission
SOA- State-of-the-Art

ST- SystemsTeam

TBA - To BeAnalyzed

TRL- TechnologyReadinessLevel

TT - TechnologyTeam

T/W - Thrust-to-WeightRatio

VASIMR - VariableSpecificImpulseMagnetoplasmaRocket
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Systems Team

Name Office

Joe Bonometti MFSC Systems, Solar Thermal

Bob Cataldo GRC Power Systems

Bret Drake JSC Systems, Human Missions

Len Dudzinski GRC Systems, NTP/NEP, Trajectories/Sizing, Fusion

Robert Frisbee JPL Systems, Sails

Leon Gefert GRC/Lead, Systems POC

Jeff George JSC/Lead, Systems, NEP

Rob Hoyt TU Tethers, Sizing

Jonathan Jones MSFC Plasma Sails, Technology Team Lead

Larry Kos MSFC/Lead, Chemical/Trajectories/Sizing

Melissa McGuire GRC NTP Systems, Trajectories/Sizing

Jim Moore SRS Systems, ED Tethers, STP

Michelle Munk LaRC/Lead, Aeroassist
Mahmoud Naderi MSFC Cost

Muriel Noca JPL/Lead, Systems, & Team-X POC, Sizing

Tara Poston MSFC Trajectories/Sizing
Bob Sefcik GRC Cost

Kirk Sorensen MSFC MX Tethers

Nobie Stone SRS Systems, ED Tethers, STP

Gordon Woodcock Gray Research/ITAC

Scott Baird JSC ISPP Systems

John Blandino JPL POC for Code S

Neil Dennehy GSFC POC

Sandy Kirkindall MFSC Systems

Saroj Patel MFSC Systems

Consultants for ST: Juan Aone, Chen-Wan Yen (JPL Sail & EP Trajectories), Steve

Oleson (GRC SEP data), Steve Tucker, Dave Plachta (MSFC & GRC CFM)
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Technology Team

Represented by a POC for each ASTP Technology Element

and appropriate research areas

Name Office Propulsion Category/Type

Electric Propulsion
Mike Patterson GRC Ion

Rob Jankovsky GRC Hall

Franklin Chang Diaz JSC VASIMR

Mike LaPoint Ohio Aerospace Institute MPD gas-fed

Jay Polk JPL MPD lithium-fed

Mike LaPoint Ohio Aerospace Institute PIT

Scott Benson GRC SEP Systems

Hoppy Price JPL Solar Sails
Jonathan Jones MSFC Plasma Sails

Stan Borowski GRC Fission (NTR)

Mike Houts MSFC Fission (NEP)

Bob Estes Harvard Smithsonian Electrodynamic Tethers

Kirk Sorensen MSFC Momentum Exchange Tethers
Michelle Munk LaRC Aeroassist

Scott Baird JSC In-Situ Propellant Production

Bill Taylor GRC Advanced Chemical

Don Bai MSFC Advanced Chemical

Hartwell Long JPL Advanced Chemical

Jeff Weiss JPL Light Weight Components

Steve Tucker MSFC Cryogenic Fluid Management

Joe Bonnemeti MSFC Solar Thermal Propulsion
Scott Benson GRC Pulsed Plasma Thruster

Consultant for TT: Gordon Woodcock, Gray Research
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IISTP Advisory Group

Name Office

Harley Thronson Space Science IISTP POC
Loren Lemmerman Earth Science IISTP POC

Richard Fischer Exploration and Development POC

Rae Ann Meyer MSFC, Space Transfer Technologies Assistant Project Manager

Randy Baggett MSFC, Propellantless Propulsion Project Manager

Harry Cikanek GRC POC
Tim O'Donnell JPL POC

Larry Kos MSFC, IISTP Systems Analysis Lead

Jonathan Jones MSFC, IISTP Technology Lead

Consultants for lAG: Gray Research - Deborah Sims, Bob Farris, Bill Eberle, Gordon
Woodcock
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Mission Requirements Team

Team

Space Science Team

Earth Science Team

Name

Harley Thronson

Loren Lemmerman

John Lebreque

Technology/Office

Code S Lead 1

Code Y Lead

Code Y Science Theme 2

Eduardo Torres Code Y Visions and Decadal Planning

Exploration and Development Richard Fischer Code M Lead 3

1Representing each Office of Space Science Theme
Solar System Exploration
Sun Earth Connection

Astronomical Search for Origins
Structure and Evolution of the Universe

2Representing these Earth Science Themes

Atmospheric Chemistry
GWEC
Oceans and Ice

3Representing these major Offices of Space Flight Areas/Programs

Human Exploration
Commercialization and Development of Space
International Space Station
Space Shuttle
Space Operations Management Office
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Cost Team

Name Office

Mahmoud Naderi MSFC Cost

Sharon Czamecki SAIC

Robert Sefcik GRC

Gordon Woodcock Gray research
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IISTP FOM Dictionary

Revision E.14
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DESCRIPTION

Changed to include payload exposure
Changed to include spacecraft exposure and protection
Combined with FOM 43

Changed From: MTBF To: Relative Reliability Assessment
Combined with FOM 51

Changed From: Requires Exotic Materials To: Requires Exotic
Materials and/or Processes

Combined with FOM 86

Combined with FOM 86

Changed to describe station keeping functions which will be included

Included formation flying in description

Add clarifying test to last line of first paragraph
Grammar

Not released/All changes reflected in revisions to Rev A in Rev E below

Not released/All changes reflected in revisions to Rev A in Rev E below
Not released/All changes reflected in revisions to Rev A in Rev E below
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REVISIONS (continued)

IISTP FOM Dictionary

Revision E.14

April 30, 2001

53 Changed From: "Systems operating life..."
To: "Systems operating life (versus the demonstrable operating life)..."
(In two places)

(1) Created new FOM Category titled "Applicability"
(2) Moved FOMs 63,64, 66,69,70 From: Cost category

To: Applicability Category
(3) Changed Scoring Responsibility From: Cost Team

To: Systems Team
65 Deleted FOM 65 titled "Special Handling Requirements"
69 Changed name FROM: Reduce # of Missions Required to Support

Initial Mission

TO: Missions Required to Support Initial Mission
7O Changed name FROM: Reduce # of Missions Required to Support

Follow-On Missions

TO: Missions Required to Support Follow-On Missions

Change Title From: "Pre-Launch Environmental Hazards/Protection"
To: "Ground Operations Environmental Hazards/Protection"
Include FOM 32 and 33

31

32,33 Deleted and Incorporated into FOM 31
51,53 Change Scoring Responsibility From: Systems Team

To: Technology Team
19 Created new FOM titled "Total Propulsion System Launch Mass and

Volume"

44,52, Removed all FOMs titled "RESERVED"
87,88

81 Changed Title From: "Development Time"

To: "Total Development Time" Revised definition accordingly to
include FOM 86.

86 Deleted and Incorporated into FOM 81

13 Deleted and Incorporated into FOM 63
63 Changed Title From: "Applicability"

To: "Applicability/Adaptability/Flexibility" Revised definition
accordingly to include FOM 13.

67 Added words: "...including launch vehicle purchase..." to Operational
Cost FOM

Added words: "... (less launch vehicle cost which is to be included in
Operational Cost FOM #67)..." to Mission Recurring Cost FOM

Deleted. During Neptune Orbiter evaluation there were no technologies
found which had significant embedded new technologies. This FOM can
in general be considered a part of FOM 84
Create new major FOM category titled "Performance" and moved FOM
1, 2, 6, and 19 into the new category.

Added rationale for a score of"0" to that used for a score of"l", to
ensure that no ISP will receive a score of"0" based on this FOM.

68

85

1,2,6,
19
84
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1.0 PURPOSE

The purpose of this document is to define the figures of merit (FOMs) to be used in the initial phase of

the In-Space Propulsion (ISP) technology prioritization effort. It is not the intention or purpose of this

document to identify and define a comprehensive set of FOMs for ISP technologies. Rather, the goal

is to identify and define a relatively concise set of measures that adequately support the ISP technology

prioritization process. These FOMs will be used to evaluate candidate ISP technologies. These FOMs

were provided and agreed to by the Codes S, Y, and M Leads. These FOMs were selected based on

knowledge of the candidate ISP technologies and mission categories for which the candidate

technologies may be used.

Sections 2.0 - 7.0 are used to define each of the FOMs. Guidelines and responsibilities for ISP

technology scoring are contained within each of the FOM definitions. The FOMs are grouped

according to six major categories:

2.0 Performance

3.0 Technical

4.0 Reliability/Safety
5.0 Cost

6.0 Applicability
7.0 Schedule

Appendix A is used to document the weights for each of the FOMs that have been provided by Codes

Y, S and M leads according to their respective mission categories. Weights are maintained in a

separate Appendix to the main FOM Dictionary document with access limited only to those

organizations not directly or indirectly involved in the ISP technology evaluations and scoring.
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2.0 PERFORMANCE DEFINITIONS

Figure of FOM

Merit # Category

1 Performance

Scoring

Responsibility

Systems Team

Title

Payload Mass Fraction

This measure is the ratio of payload mass at the destination to total vehicle mass in low earth orbit.

Payload mass is the total mass required to achieve scientific objectives at the destination. Neither the

inert propulsion system mass nor the propellant mass required to reach the destination is included in

payload mass. If a power source is used at the destination and is also used for propulsion to reach the

destination then that part of the propulsion system mass which is used for power generation at the

destination may be included in payload mass. This figure of merit is coupled to the trip time;

therefore scoring should be done in tandem (see Figure of Merit #2).

Figure of
Merit #

2

FOM Scoring Title

Category Responsibility

Performance Systems Team Trip Time

This is the total transportation time required to achieve all scientific objectives of the mission. If the

mission includes a crew return or a sample return, then trip time includes the time required for return to

earth. In general, the trip time includes only the time required for transportation functions. For

example, for a human trip to Mars or a Mars sample return, the trip time would include only the

transportation time and would exclude time spent on the Martian surface.

It is recognized that there is a trade between payload mass fraction and trip time. Available mass may

be divided between payload mass or additional propellant to decrease trip time. Therefore, the payload

mass fraction and trip time figures of merit are related. A propulsion technology which provides for

the best values of both payload mass fraction and trip time should be rated as a "9" in both categories.

A propulsion technology which provides only a marginal payload mass fraction and a poor trip time

should be rated a "1" in both categories. A propulsion technology which provides a good value of

payload mass fraction or trip time without significant sacrifice to the either should be rated a "3" in

both categories.
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Figure of FOM Scoring Title

Merit # Category Responsibility

6 Performance Systems Team Station Keeping Precision

This is a measure of the ability of the propulsion technology to perform precision station keeping or

formation flying functions. In general, it is a function of the minimum impulse capability of the

propulsion technology. The propulsion technology with the smallest minimum impulse bit capability

shall receive a score of "9". Other propulsion technologies shall receive scores of "3" or "1"

depending on whether their minimum impulse bit is somewhat greater than or significantly greater than

that of the best propulsion technology.

Station keeping and formation flying will be considered in this phase of the ISP technology evaluation

only if they require a significant AV (e.g., pole sitting missions). Station keeping and formation flying

will not be considered in this phase if they are used for minor adjustments in Keplerian motion.

Future phases of the evaluation will consider this issue.

Figure of
Merit #

19

FOM

Category

Performance

Scoring

Responsibility

Systems Team

Title

Total Propulsion System Launch Mass and
Volume

This is a relative measure of the total propulsion system launch mass and volume. Those ISP

technologies with less total propulsion system launch mass will enable smaller launch vehicles to be

used for a given mission. Similarly, ISP technologies that can be packaged in a small volume can be

launched aboard a wider variety of vehicles.

ISP technologies with relatively small propulsion system launch mass and volume requirements shall

receive a score of "9". ISP technologies with relatively large propulsion system launch mass and/or

volume requirements shall receive a score of "1". All remaining ISP technologies shall receive a score
of "3".
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3.0 TECHNICAL DEFINITIONS

Figure of
Merit #

3

FOM Scoring Title

Category Responsibility

Technical Systems Team Operational Complexity

Operational complexity relates to the number, sensitivity, and complexity of the propulsion-related

operations that must be performed during the mission. An ISP technology which requires a large

number of complex operations should be rated a "1". An ISP technology which may require a

significant number of operations should be rated a "3", if the operations are relatively simple. An ISP

technology which requires only a few simple operations should be rated a "9".

Figure of FOM

Merit # Category
4 Technical

Scoring

Responsibility

Systems Team

Title

Time on Station

Several missions require station keeping or formation flying. Station keeping is defined as keeping the

vehicle in a required orientation or in a required position relative to the planetary body of interest at the

destination. Formation flying is keeping the vehicles of a constellation in correct position and/or

orientation with respect to each other. This criterion measures the ability of the vehicle to maintain

time on station (as limited by available propellant) relative to the time required for the vehicle to

perform its required scientific function. The propulsion technology which provides the capability to

remain in position at the destination for the greatest amount of time shall receive a score of "9". Other

propulsion technologies shall receive scores of "3" or "1", depending on how they perform relative to

the best propulsion technology.

Station keeping and formation flying will be considered in this phase of the ISP technology evaluation

only if they require a significant AV (e.g., pole sitting missions). Station keeping and formation flying

will not be considered in this' phase if they are used for minor adjustments' in Keplerian motion.

Future phases of the evaluation will consider this' issue.

Figure of FOM

Merit # Category
5 Technical

Scoring

Responsibility

Systems Team

Title

Propellant Storage Time

This criterion is a measure of the degree to which propellant storage is an issue for the mission. ISP

technologies in which propellant storage is not an issue (e.g. propellantless technologies, technologies

that use easily storable propellants, or technologies that have a sufficiently short flight time) shall

receive a score of "9". ISP technologies which use propellants which are inherently difficult to store

but lend themselves to simple, reliable storage solutions for long duration missions shall receive a

score of "3". ISP technologies which use propellants which are difficult to store (e.g., liquid hydrogen)

and storage solutions become an issue even for moderately long missions shall receive a score of "1 ".
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Figure of FOM Scoring Title

Merit # Category . Responsibility

14 Technical Systems Team Crew Productivity

This is a relative measure of crew productivity losses associated with the presence of the candidate ISP

technology. Scores should reflect a composite of the estimated times required for the crew to maintain

and/or operate the candidate ISP technology. ISP technologies which require no extraordinary

involvement or interaction by the crew shall receive the highest score of "9". ISP technologies in

which crew maintenance and operation intervals are relatively short, simple, and predictable (i.e., can

be scheduled) and require little crew involvement/interaction shall receive a score of "3". Those ISP

technologies that could potentially require extensive crew interaction/involvement for long periods of

time and/or at unexpected times during the mission shall receive a score of "1".

Figure of
Merit #

15

FOM Scoring Title

Category Responsibility

Technical Systems Team Sensitivity to Malfunctions

This is a relative measure of how the candidate ISP technology malfunctions or fails, the relative

consequences of the malfunction or failure and the extent of the techniques required to minimize the

consequences of a malfunction or failure. ISP technologies whose most likely failure modes would not

result in a loss of life, a significant loss of property or a significant loss of mission objectives shall

receive a score of "9". ISP technologies whose most likely failure modes, unmitigated, would result in

a grave loss of property, life or mission and/or require extensive and complex methods for mitigation

shall receive a score of"l". Those ISP technologies whose most likely failure modes while potentially

significant can be mitigated with simple well-known methods shall receive a score of "3".

Figure of
Merit #

16

FOM Scoring Title

Category Responsibility

Technical Systems Team Sensitivity to Performance Deficiencies

This is a measure of the relative consequences of a performance deficiency or "shortfall". A

performance deficiency is different that a malfunction or failure. A performance deficiency occurs

when the operational or in-mission performance is less than the predicted and/or previously tested

performance. Some technologies can inherently recover from an unforeseen deficiency without

consequences to the mission; these ISP technologies shall receive a score of "9". Other technologies

have inherent performance margins and can recover in time without severe consequences to the

mission; these ISP technologies shall receive a score of "3". Other technologies have little or no

margin for performance deficiencies; "shortfalls" would pose a significant risk to the mission. For

these technologies, increasing performance margin would result in definite increases in cost and/or

weight. These ISP technologies shall receive a score of"l".
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Figure of FOM

Merit # Category
17 Technical

Scoring

Responsibility

Systems Team

Title

Enable In-Space Abort Scenarios

This is a relative measure of how well the candidate ISP technology supports in-space aborts and a safe

return to earth for human missions. In addition, this measure should be used to evaluate the ability of

the candidate technology to support new and innovative abort scenarios. An ISP technology that

permits rapid return to earth in the event of an emergency (related or unrelated to the propulsion

system) and can easily accommodate new and innovative abort scenarios shall be rated a "9". An ISP

technology that supports rapid return to earth but cannot easily accommodate new and innovative abort

scenarios shall be rated a "3". An ISP technology which can support in-space aborts but with great

difficulty shall be rated a "1".

Figure of FOM Scoring Title

Merit # Category Responsibility

Crew &/or Payload Exposure to In-Space
18 Technical Systems Team

Environments'

This is a measure used to assess the degree to which the candidate ISP technology can be used to

minimize crew and/or payload exposure to adverse natural environments. Examples include long-term

exposure to zero-g or natural radiation because of long trip times or long residence times in the earth's

radiation belts, respectively. An ISP technology that can effectively minimize crew and/or payload

exposure to in-space environments with minimal changes to the mission profile shall be rated a "9".

An ISP technology that can effectively minimize crew and/or payload exposure to in-space

environments but requires significant changes in the mission profile shall be rated a "3". An ISP

technology that provides only modest reductions in crew and/or payload exposure to in-space

environments and requires significant changes in the mission profile shall be rated a "1". An ISP

technology that inherently (by the very nature of its operations) increases crew and/or payload

exposure to in-space environments shall be rated a "0".
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4.0 RELIABILITY/SAFETY DEFINITIONS

Figure of FOM Scoring Title

Merit # Category Responsibility

31 Reliability/ Systems Team Ground Operations Environmental

Safety Hazards and Protection

This is a relative measure of the hazards the candidate ISP technology poses to the environment,

ground crew and ground support equipment during ground operations. ISP technologies which pose

no significant risk or impact to the environment, ground crew and ground support equipment by the

nature of their operation, handling or materials on the ground while maintaining, enhancing or

providing for new ground test abort options shall be scored a "9". Those ISP technologies which (1)

could potentially create grave and/or irreversible damage to the environment; (2) create grave and/or

lethal harm to the ground crew; (2) could potentially result in extreme loss or damage to the ground

support equipment; (3) severely restrict ground test abort options; and/or (4) require extensive and

complex methods for mitigation; shall receive a score of "1". Those ISP technologies whose threat to

the environment can be mitigated with simple well-known methods shall receive a score of "3".

Figure of FOM Scoring Title

Merit # Category Responsibility

41 Reliability/ Systems Team In-Space Environmental Hazards and

Safety Protection

This is a relative measure of the hazards the candidate ISP technology poses to the in-space

environment during the mission. ISP technologies which pose no significant risk or impact to the in-

space environment by the nature of their operation, handling or materials during the mission shall be

scored a "9". Those ISP technologies which could potentially create grave and/or irreversible damage

to the in-space environment and require extensive and complex methods for mitigation shall receive a

score of "1". Those ISP technologies whose threat to the in-space environment can be mitigated with

simple well-known methods shall receive a score of "3".

Figure of FOM Scoring Title

Merit # Category Responsibility

42 Reliability/ Systems Team Crew Exposure and Safety

Safety

This is a relative measure of the hazards the candidate ISP technology poses to the crew during the

mission. ISP technologies which pose no significant risk or injury to the crew by the nature of their

operation, handling or materials while maintaining, enhancing or providing for new abort options shall

be scored a "9". Those ISP technologies which could potentially create grave and/or lethal harm to the

crew, severely restricting abort options and require extensive and complex methods for mitigation shall

receive a score of "1". Those ISP technologies whose threat to the crew can be mitigated with simple
well-known methods shall receive a score of "3".
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Figure of
Merit #

43

FOM

Category .

Reliability/

Safety

Scoring

Responsibility

Systems Team

Title

Payload and�or Spacecraft Exposure and
Protection

This is a relative measure of the hazards (including optics/detector exposure to contamination) the

candidate ISP technology poses to the payload and/or spacecraft during the mission. ISP technologies

which pose no significant risk or impact to the payload and/or spacecraft performance by the nature of

their operation, handling or materials during the mission shall be scored a "9". Those ISP technologies

which could potentially result in extreme loss or damage to the payload and/or spacecraft and require

extensive and complex methods for mitigation shall receive a score of "1". Those ISP technologies

whose threat to the payload and/or spacecraft can be mitigated with simple well-known methods shall
receive a score of"3".

Figure of FOM Scoring Title

Merit # Category Responsibility

51 Reliability/ Technology Team Relative Reliability Assessment

Safety

This is a measure of the relative reliability expected from the candidate ISP technology during its

required operating life.

The relative reliability assessment can be made based on the number, type, complexity, typical failure

modes, failure rates and time to recover for the critical ISP elements/components. Typically, those

technologies with the fewest, simplest, most reliable components with the greatest amount of

redundancy should be scored a "9". ISP technologies with the largest number of complex, fragile, and

intricate components with the greatest number of single point failures should be scored a "1". All

other ISP technologies should be scored a "3".

Figure of
Merit #

53

FOM

Category

Reliability/

Safety

Scoring

Responsibility

Technology Team

Title

Operating Life

System operating life (versus the demonstrable operating life) can be determined by estimating

operating life of the individual parts, components, subsystems and systems and of the candidate ISP

technology as a whole. Should operating life (versus the demonstrable operating life) be a mission

requirement, operating life must be quantified to the extent necessary to estimate operating life margin

for each candidate ISP technology.

If operating life is not a hard mission requirement, then relative estimates of operating life can be made

based on the number, type, complexity and typical operating life of the critical components used in

each of the candidate ISP technologies. Typically, those technologies with the fewest, simplest

components with the longest estimated operating life should be scored a "9". ISP technologies with

the largest number of complex, fragile, and intricate components with the shortest estimated operating

life should be scored a "1". All other ISP technologies should be scored a "3".
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Figure of FOM

Merit # Category
61 Cost

Scoring

Responsibility
Cost Team

Title

Technology Advancement Cost
This measure includes costs for advancing the technology from its current state of development to TRL 6 or 7, including
special test facilities if facility modifications or new facilities are required. The decision of appropriate level (6 vs 7)
will be made for each technology according to the "technology acceptance criteria" determinations. If a technology
flight demonstration is deemed necessary (TRL 7) this is included in technology advancement.

ISP technologies which can reach the desired technology level based on "business as usual" funding

in Code R receive a score of "9". Those which require a moderate amount of special augmentation

funding receive a score of"3". Those which appear to require establishment of a dedicated program

and Congressional line item receive a score of "1".

Figure of FOM

Merit # Category
62 Cost

Scoring

Responsibility
Cost Team

Title

Mission Non-Recurring Cost

Development costs begin with program definition studies aimed at creating a formal procurement

specification for the in-space propulsion system and end with completion of a successful

qualification test program that demonstrates satisfaction of the specification. Any new test

and/or production facilities are included in this cost. For purposes of consistency, we will

assume that the development program produces no flight units. If a developmental mission, such

as a New Millennium mission, is deemed necessary, that will be priced as a mission (not

development) and will be assumed to use the first production unit.

ISP technologies for which the non-recurring cost is deemed to be within the funding capability

of the first customer mission receive a score of "9". ISP technologies which require a special

development program (i.e. are beyond the capability of first user to fund) receive a score of "3".

ISP technologies which appear to require so much development funding as to impact the overall

NASA budget receive a score of "1".
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Figure of
Merit #

67

FOM Scoring Title

Category Responsibility

Cost Cost Team Operational Cost

This measure includes all of the costs associated with operating the propulsion system, beginning

with ground processing at the launch site, and including launch vehicle purchase as well as

mission/flight operations. For practical purposes, these are lumped in with mission operations costs,

but costs of extra personnel and facilities associated with operation of the propulsion system should

be considered in estimating mission operations costs. For example, if the candidate ISP technology

involves nuclear subsystems, there may be costs associated with extra range safety efforts, and

nuclear specialists may be required on mission operations staff.

If the ISP technology results in less than 10% of the overall mission operations cost the candidate

technology receives a score of "9". If the overall mission operations cost exceeds 10% but does not

require special staffing or analytical methods/procedures to support launch or mission operations the

candidate technology receives a score of "3". If the ISP technology requires special staffing or

analytical methods/procedures, or if it creates a significant operations cost burden compared to the

pivot, it receives a score of "1".

Figure of FOM

Merit # Category
68 Cost

Scoring

Responsibility
Cost Team

Title

Mission Recurring Cost

This is a measure of the total cost (less launch vehicle cost which is to be included in Operational

Cost FOM #67), priced by manufactured unit, for production of flight-ready in-space propulsion

systems, and integration with the spacecraft payload. This cost includes delivery to the vehicle

manufacturer or to the launch site, as appropriate. If an acceptance test is required of the ISP, its cost
is included in this.

If this cost is less than the launch vehicle cost, and reduces total tranpsortation cost relative to the

pivot, it receives a score of "9". If the cost is more than the launch vehicle cost but enables a total

tranpsortation cost (including launch vehicle) not more than the pivot, it receives a score of of "3". If

the total transportation cost is more than the pivot, it receives a score of "1".
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Figure of FOM

Merit # Category
63 Applicability

Scoring

Responsibility
Systems Team

Title

Applicability�Adaptability�Flexibility

This is a relative measure of the applicability/adaptability/flexibility of the candidate ISP technology

for other mission categories with different performance requirements. It is assumed that as propulsion

technologies are developed, certain components (e.g., nuclear power generators and electric thrusters)

will be developed for a discrete set of values for significant propulsion characteristics such as design

maximum power and design maximum thrust. For these types of components, it is unlikely that

systems will be developed specifically for the needs of each individual mission. Rather, a set of

systems will be available for "off-the shelf' application to specific missions. Requirements for each

individual mission may be met by a combination of operating the system at less than its design

maximum power or thrust and by combining individual systems to achieve power/thrust levels greater

than the design power/thrust levels of one unit. For other components (e.g., tanks) total impulse or AV

appropriate for a specific mission can be achieved by appropriate tank sizes for that mission.

An ISP technology which can be adapted with relative ease to satisfy a wide range of specific

performance level needs (power, thrust, total impulse, AV, duration, duty cycle, etc.) associated with 7

or 8 mission categories receives a score of "9". A technology can be adapted to satisfy performance

levels of 4 - 6 mission categories receives a score of "3". A technology which can be adapted to

satisfy performance levels of 2 or 3 mission categories receives a score of "1". A technology which

cannot be adapted and is useful for only a single mission category receives a score of "0".

Figure of
Merit #

64

FOM Scoring Title

Category Responsibility

Applicability Systems Team Scalability (robotic - human)

Scalability is defined as accommodating the same underlying technology, design approach and

operational methods over a wide range of size, specifically from robotic missions (typical

payload 500 kg) to human (typical payload 10,000+ kg).

A technology which can be scaled using the same materials, design and test approach, and

operational methods receives a score of "9". If scaling re___q_uireschanges in any one of these, the

technology is scored "3". If 2 or all are changed, it receives a score of "1". If it cannot be

reasonably scaled to human missions, it receives a score of "0". If a mission application chooses to

change any of these, that is not counted against the technology. (For example, a human mission may

choose to cluster engines.)
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Figure of FOM Scoring Title

Merit # Category Responsibility

66 Applicability Systems Team Supports Evolutionary Development of
a Long-Term Capability

Evolutionary development indicates the technology supports creation of permanent or long-

lasting in-space transportation infrastructure which can be used to support continuing missions.

If the technology supports creation of an infrastructure which supports missions over a decade or

more without replacement, it receives a score of "9". If it requires partial replacement, or supports

missions over a period of 5 years to a decade, it receives a score of "3". If the infrastructure is

relatively temporary but supports more than one mission, the technology receives a score of "1". If

no infrastructure or repeat mission capability exists, it receives a score of "0".

Figure of FOM Scoring Title

Merit # Category Responsibility

Missions Required To Support Initial
69 Applicability Systems Team Mission

This figure of merit applies to ISPs or missions where support launches or missions may be required

prior to the initial "objective" mission (i.e. the mission that accomplishes program or mission

objectives). Examples are emplacement of a momentum-exchange tether facility (ISP) or pre-

placement of cargo on Mars prior to the first human landing (mission). The objective is to minimize

these. An ISP technology that requires no prior missions receives a score of "9" (for example, it

might have enough performance to deliver Mars cargo along with crew). An ISP technology for which

the cost of the prior mission(s) plus the first objective mission is less than for the pivot ISP technology

receives a score of"3" unless it qualifies for the "9". An ISP technology for which the cost of the prior

mission(s) plus the first objective mission is more than the pivot ISP receives a score of "1".

Figure of FOM Scoring Title

Merit # Category Responsibility

70 Applicability Systems Team Missions Required To Support Follow-On Missions

This figure of merit applies to ISPs or missions where support launches or missions may be required

prior to continuing "objective" missions. Examples are replenishment of an orbital facility or pre-

placement of additional cargo on Mars prior to continuing human landings. The objective is to

minimize these. An ISP technology that requires no prior missions receives a score of "9" (for

example, it might have enough performance to deliver Mars cargo along with crew). An ISP

technology for which the cost of the prior mission(s) plus the supported objective mission is less than

for the pivot ISP technology receives a score of "3" unless it qualifies for the "9". An ISP technology

for which the cost of the prior mission(s) plus the supported objective mission is more than the pivot

ISP technology receives a score of "1"
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Figure of
Merit #

81

FOM Scoring Title

Category Responsibility

Schedule Technology Team Total Development Time

This figure of merit applies to the total estimated technology advancement and full-scale development

time required for the candidate ISP technology to be developed and ready to support a specific

mission. The total time should be obtainable from the technology roadmap. This FOM includes

technology advancement to TRL 6, any flight demonstrations or development tests required, need for

exotic materials, assembly, and/or testing, materials availability, materials characterization, special

testing facility requirements, life testing of hardware, and full-scale development time from ATP to

completion of qualification. For purposes of evaluation, assume no funding gaps in the activity.

(Exotic materials are those not available by routine commercial order from normal industrial suppliers,

such as special-order alloys.)

Any ISP technology at TRL 6 with a "nominal" time estimated for full-scale development shall receive

a score of "9". "Nominal" means no additional time is expected for construction of facilities, flight

demonstrations, lengthy life tests, exotic materials, or exotic assembly. Full-scale development of a

chemical rocket engine would be a typical "nominal" schedule.

Any ISP technology shall receive a score of "3" when the estimated total development time adds 4 or

fewer years to a "nominal" schedule. These ISP technologies may require exotic materials, however,

the characteristics data is assumed to be readily available from the supplier or the technical literature.

These ISP technologies may require exotic materials, however, the lead times are estimated to be less

than a year. These ISP technologies may require exotic assembly processes, however, any assembly

required should be able to be accomplished in an existing facility.

Any ISP technology shall receive a score of "1" when the estimated total development time adds 5 or

more years to a "nominal" schedule. These ISP technologies require materials for which data are not

readily available or the data are uncertain, and whose lead times are greater than a year. These ISP

technologies require exotic assembly techniques or tests using new special facilities or life testing of

more than 2 years.

Figure of FOM Scoring Title

Merit # Category Responsibility

82 Schedule Technology Team Special Facility Requirements

This figure of merit concerns special facility requirements for testing, production, or launch/recovery

and support operations. In-space infrastructure and assembly are covered by separate figures of merit.

An ISP technology with no special facility requirements, or can use existing, readily available facilities

(that is there are no associated schedule issues), and the cost is nominal, receives a score of "9". An

ISP technology with modest special facility construction requirements, or when scheduling an existing

special facilities schedule delays can be held to 1 year or less, receives a score of "3". An ISP

technology requiring construction of major new special facilities, or use of existing special facilities

which pose severe scheduling problems, receives a score of "1".
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Figure of
Merit #

83

FOM Scoring Title

Category Responsibility

Schedule Technology Team Architectural Fragility

This figure of merit refers to potential problems commonly associated with project eventualities that

result in a major change in the architecture. For example, the Apollo mission architecture was fragile

because if the spacecraft mass had grown slightly more than it did (or engine performance had fallen

short), the mission would not have been possible on a single launch and no backup plan existed. To

make this evaluation, mission architecture must be associated with the ISP technology.

An ISP technology/architecture which can readily adapt to project eventualities such as weight growth,

power requirements growth, or moderate subsystem performance shortfalls (e.g. by altering mission

design or adding launches) receives a score of "9". An ISP technology/architecture that can adapt by

selecting an available larger launch vehicle receives a score of "3". An ISP technology/architecture

that must be redesigned to adapt receives a score of "1". An ISP technology/architecture that cannot

adapt receives a score of "0".

Figure of FOM

Merit # Category
84 Schedule

Scoring

Responsibility

Technology Team

Title

Maturity (TRL Level)

This figure of merit applies to current technology status.

An ISP technology that is at TRL 6, or will reach TRL 6 under current program plans and funding

within 2 years receives a score of "9". An ISP technology that is at TRL 4 or 5 and can be expected to

reach TRL 6 under current program plans, part of which are not currently funded, within 4 years,

receives a score of "3". An ISP technology less advanced than this for which the schedule for

advancement to TRL 6 cannot be forecast due to major technical uncertainties receives a score of "1".
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Figure C-1. Neptune Orbiter Weights and Scores (1 of 3)
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Figure C-1. Neptune Orbiter Weights and Scores (3 of 3)
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Figure C-2. Neptune Orbiter--Normalized Scores by Major Evaluation Area (2 of 2)
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1 Not used

2 SOA Chem/AC/Chem

3 Adv. Chem/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

6 MX Tether/Augment/AP

7 MX Tether/Augment/AC/Chem
8 SEP Hall/NTP/AC/Chem

9 SEP Hall/Chem/AC/Chm

10 SEP(5 kW)/AC/Chem

11 SEP (10 kW)/AC/Chem
12 NEP Hall/Chem/AC/Chem

13 NEP Ion

14 NEP VaSIMR

15 NEP MPD

16 Solar Sails/AC/Chem

17 Mag-sail (M2P2)/AC/Chem

18 Mag-sail (M2P2) AP

19 Radio-isotope Electric

20 NTP/NEP Hybrid

21 Solar Thermal Prop./AC

AP = All Propulsion

AC = Aero Capture
SOA = State-of-the-art

MX = Momentum Exchange

NEP = Nuclear Electric Propulsion

NTP = Nuclear Thermal Propulsion

SEP = Solar Electric Propulsion

MX = Momentum Exchange
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Figure C-4. Titan Explorer - Weights and Scores (1 of 2)
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Figure C-5. Titan Explorer--Normalized Scores by Major Evaluation Area
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Figure C-6. Titan Explorer Cost-Effectiveness

2 SOA Chem/AC/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

10 SEP(5 kW)/AC/Chem

11 SEP (10 kW)/AC/Chem
13 NEP Ion

16 Solar Sails/AC/Chem
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AP = All Propulsion

AC = Aero Capture
SOA = State-of-the-art

MX = Momentum Exchange
NEP = Nuclear Electric
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Figure C-9. Europa Lander Cost-Performance

2 SOA Chem/AC/Chem

3 Adv. Chem/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

6 MX Tether/Augment./AP

11 SEP (10 kW)/AC/Chem
13 NEP Ion

16 Solar Sails/AC/Chem

18 Mag-sail (M2P2) AP

AP = All Propulsion

AC = Aero Capture
SOA = State-of-the-art

MX = Momentum Exchange

NEP = Nuclear Electric Propulsion

NTP = Nuclear Thermal Propulsion

SEP = Solar Electric Propulsion

MX = Momentum Exchange
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Figure C-10. Mars Sample Return Weights and Scores (1 of 2)
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Figure C-10. Mars Sample Return Weights and Scores (2 of 2)
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Figure C-11. Mars Sample Return--Normalized Score by Major Evaluation Area
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Figure C-12. Mars Sample Return Cost-Performance Scatter Chart

2 SOA Chem/AC/Chem

3 Adv. Chem/Chem

4 Nuclear Thermal/AC

5 NTP Bimodal/AP

13 NEP Ion

17 Mag-sail (M2P2)/AC/Chem

18 Mag-sail (M2P2) AP

24 Adv. Chem/AC

25 SEP w/separate lander

AP All Propulsion

AC Aero Capture

SOA State-of-the-art

MX Momentum Exchange

NEP Nuclear Electric Propulsion

NTP Nuclear Thermal Propulsion

SEP Solar Electric Propulsion

MX Momentum Exchange
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Figure C-14. Interstellar Probe--Normalized Score by Major Evaluation Area
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Figure C-15. Interstellar Probe Cost-Performance Scatter Chart
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13 NEP Ion
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18 Mag-sail (M2P2) AP
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AP = All Propulsion
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MX = Momentum Exchange
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NTP = Nuclear Thermal Propulsion

SEP = Solar Electric Propulsion

MX = Momentum Exchange
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Figure C-16. Solar Polar Imager Weights and Scores
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Figure C-17. Solar Polar Imager--Normalized Score by Major Evaluation Area
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Figure C-18. Solar Polar Imager Cost-Performance Scatter Chart
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Figure C-19. Magnetospheric Constellation Weights and Scores
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Mission analyses were performed by the Systems Team as needed to characterize the

IISTP propulsion technologies' capabilities, as applied to each of the missions. This

appendix consists of briefing charts prepared to report analyses of the Neptune Orbiter

and Titan Explorer missions. Neptune Orbiter analyses were performed by Systems

Team members at the various NASA centers. The Titan Explorer analyses were

performed by JPL's Team X. Neptune Orbiter analyses considered all of the candidate

technologies, and Titan Explorer analyses considered most of them. These results are

representative of the IISTP mission analyses and provide insight into the performance

capabilities of candidate propulsion technologies.
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NEP Independent Assessment
Gordon Woodcock

Gray Research, Inc.

1.0 Introduction and Purpose

This assessment was conducted as part of Gray Research support to the MSFC In-

Space Integrated Space Transportation Planning activity. The purpose of the assessment

was to develop an independent understanding of the performance potential for nuclear

electric propulsion, and the technology characteristics that would best serve utilization of

nuclear electric propulsion for future space missions.

2.0 Nuclear Electric Propulsion Mission Considerations

Basic Principles - Electric propulsion systems are power-limited, in contrast to

chemical propulsion systems, which are energy-limited. By power-limited we mean that

system design is dominated by consideration of the fixed mass of hardware needed to

generate the necessary power. Energy-limited systems design is dominated by the mass

of propellant needed to produce the mission energy.

Ideal velocity increments (delta Vs) for in-space transportation missions range from

a few to over 20 km/sec, with most interest for application of nuclear electric propulsion

falling in the range 10 km/sec to 20 km/sec. These values are large compared to the

maximum practically attainable jet velocity for chemical propulsion systems, about 4.7

km/s. Achieving jet velocities for chemical propulsion as near as possible to the

maximum is therefore very important, and even then, high propellant fractions and often

staging are necessary. Mission designs often make use of gravity assists to enhance

performance; for example, the Cassini mission to Saturn used four such assists. The large

propellant mass required to achieve high propellant fraction increases the launch mass

required, and places great premium on minimizing spacecraft mass. Both effects are

costly.

Electric propulsion can achieve any desired jet velocity, up to the speed of light

(3x108 m/s). However, the mass required to produce the jet is a limiting factor, and this

leads to an optimum Isp for any mission, depending on mission parameters and the

performance of the electric propulsion system. Consider what is required to accelerate a

1-t. spacecraft by 20 km/s with a speed-of-light jet. The momentum transferred is 20

million kg-m/s = 20 million N-s. The momentum of light is E/c where c is the speed of

light. The energy required is (20x106)(3x108), = 6x1015 Joules = 1670 GWh, the output

of a 1000-megawatt electric powerplant for about 2½ months. We must convert 0.06 kg

of mass to radiation energy. With nuclear fission, considering typical powerplant

efficiency, about 200 kg of uranium must be fissioned to generate this much energy.
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If, however, we use a jet velocity 40 km/s (roughly optimum) the mass ratio is 1.65

and, neglecting electric propulsion mass, the propellant required is 650 kg. The energy

required to accelerate the propellant is 5x1011 Joules, over 2½ months, 80 kW. This is a

typical power output for a near-term space nuclear powerplant. On the other hand, if

chemical propulsion were used to deliver the 20 km/sec the propellant required would be,

again neglecting the mass of the propulsion system, about 70,000 kg. It is clear from this

example that we need "enough" jet velocity but more jet velocity is not always better.

_Options - Nuclear power is one of the main options for electric propulsion, the

other being solar power. Beamed power, e.g. from a laser or microwave power beaming

station on Earth, has also been investigated, and isotope power has been proposed.

Nuclear power has the obvious advantage that its power availability does not depend on

distance from the Sun. Some missions need power and/or propulsion far from the Sun,

and nuclear power is the clear choice (for power levels of watts to hundreds of watts this

may mean isotope nuclear power). At high power levels (multi-hundred kilowatts and

up) it appears to offer mass advantages over solar power. On the other hand, at power

levels below 100 kWe, solar power has the mass advantage. Solar electric systems also

have a lifetime advantage for most applications, but either system offers lifetimes on the

order of years.

Mission Applications - Table 2-1 presents a summary of mission types reviewed by

IISTP, and expected constraints and applications for nuclear electric propulsion.

Table 2-1: Potential Applications for Nuclear Electric Propulsion

Mission Type
Inner solar system or Earth

vicinity
Outer solar system

complex (robotic)
Beyond solar system

HEDS lunar

H EDS Mars/Asteroid

Expected Application/Utility
Costs and environmental risks probably exceed benefits

Highly applicable; unique capability to generate high-

)erformance electric propulsion far from Sun. - 100 kWe
Expect reasonable capability to deliver - 20 year trip to -200
a.u. Operating times may be long. Unique capability to
generate high-performance electric propulsion far from Sun.
-100 to 500 kWe

Costs and environmental risks probably exceed benefits;
requires high power- 1 MWe
Requires high power - 10 MWe. May offer fast trips at very
high power - 50 MWe and low specific mass < 5 kg/kWe.

There is a reactor disposal issue (see below), and an issue
with operation in Earth orbit. Weak Stability Boundary
gateway basing may be appropriate. Very high power
systems expected to be expensive to develop and operate.
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3.0 Issues

3.1 Safety and Integration Factors

• Public safety constraints for nuclear electric propulsion have not been defined. Their

definition will be controversial. Expected constraints are as follows:

No sustained operation will be permitted in any Earth orbit. Reactor operations in

Earth vicinity create problems for gamma ray astronomy, and if at low altitude

generate carbon-14 by neutron capture in the atmosphere. While for small reactors

this effect may be negligible, it will be a source of controversy.

• Return to Earth orbit will not be permitted because of concern over inadvertent

reentry of the reactor.

• Launch of reactors will be limited to zero-power reactors with negligible fission

product inventory (thus, negligible radiation hazard in event of a launch accident).

• Reactors will be designed or equipped to remain subcritical on water immersion, i.e.
in event of a launch accident.

Testing (on Earth) requires containment/decontamination of reactor under test for
normal operation as well as of loss-of-coolant accident. Facilities exist for safe

testing up to multi-hundred-kilowatt thermal power levels.

In addition, there are certain integration issues:

There has been a long-standing controversy over whether a test of a complete power

generation system is required, or whether the reactor can be tested separately from the

power conversion system.

• Life needs to be 1 to 2 years; life testing will be required.

Protection of payloads and/or crew requires shielding. The extended thermal radiator

geometry creates a potential backscatter source not present for an NTP reactor.

Vehicle geometry can be arranged such that the radiator is shielded by a shadow

shield, eliminating the backscatter problem.

• Spent reactors need to be disposed of properly, i.e. not on trajectories which could

experience future Earth encounter.

• Minimum reactor size for criticality leads to a minimum practical power level

presumably about 100 kWth ~ 20 to 40 kWe.
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3.2 Rangesof AchievableMass/PowerPerformance

To provide an indicationof the usefulrangeof mass/powerperformance,the
following exampleis offered: Calculationsare normalizedto a unit mass (1-kg)
spacecraft,which is presumedto be75%powerplantandpropulsionand25%customer
payload.Propellantis addedto the1kg.

PropellantMass= 0.65*burnoutmass= 0.65kg
Burnoutmass= 75%powerplant& propulsion
Jetvelocity,Vj = 40km/s
Jetpower= mV2/2= 8x108wattsfor 1kg/secmassflow
Fortypicalefficiency,electricpower~ 13x105kWefor 1kg/sec
Powerplant& propulsion= 0.75 kg/kWe= 0.075kWe
Flow,kg/sec= 0.075/13x105= 5.7x10-8
Duration= 0.65kg/5.7xl0-8kg/s= 132days

For mostmissions,the velocity needsto be deliveredin lessthan2 yearsasa
maximum.Multiply 10kg/kWeby 730/132to obtain55kg/kWeasa roughmaximum
acceptablemass/powerratio. Forhumanmissionsto Marsandreturn,onopposition-like
profiles(i.e. fastroundtrips) thecalculatedpowerdurationof 132daysis alreadyabout
aslongaswewouldwishto entertain,sofor thesemissions,themass/powerratioshould
belessthan10kg/kWe.

Many studiesandpapershavebeenpublishedon mass/powerperformancefor
nuclearelectricpropulsionsystems.Reasonableagreementseemsto existfor near-term
technology,100kWe-classsystems.Nearterm technologytypically impliesuranium
oxide/stainlesssteel heat-pipe-cooledreactor technology, Brayton cycle energy
conversion,androtatingelectromagneticgenerationof electricity.At lowerpowerlevels,
Stirling cycle energyconversionmay offer bettermass/powerperformance. Several
energygenerationcycleshavebeenproposedandanalyzed,assummarizedin Table4-1
in Section4.

Mid-termtechnologyis usuallyconsideredto employrefractorymetalreactorfuel
elements,probablystill with uraniumoxide,andheatpipecooling.Turbinesmayrequire
refractorymaterials,but theheatexchangers,exceptfor theheatpipeunit,couldbemade
of conventionalmaterials.

Advancedtechnologyimpliesdirectreactorcoolingby thecyclegasflow, graphite
or carbidereactorfuel elements,andadvancedmaterialsfor turbinesandtherecuperator
heat exchanger. Note that a substantialtechnologylegacyexists from the "high-
temperaturegas-cooledreactor(HTGR)"commercialpowerreactorprogramsin theUK
andCanada.
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3.3 SpecificObservationsRegardingPerformanceEstimates

Turbine temperatures: For helium gas-cooled reactors and turbines, it should be

possible to use high-temperature materials which are not usable in chemically reactive

gas flows. Carbon-carbon or carbon-SiC blades should be serviceable in a helium

environment and could operate at temperatures above those considered practical for jet

engine turbines, which operate in a hot oxidizing environment.

Reactor temperatures: Some authors seem to have extrapolated from nuclear rocket

reactor experience, which has demonstrated 1-hour life and hoped for 10-hour life, to

10,000 hour life at the same reactor operating temperature. This is a major extrapolation.

As far as I know, there is no test experience with graphite-based core materials at such

lifetimes. The life limit in the nuclear rocket environment is hydrogen corrosion, which

does not apply to an inert-gas-cooled reactor. However, fission products and fission

product gas release, radiation damage, as well as other degradations, are applicable to

long-life reactors and were not considered in the nuclear rocket case because life was

limited due to hydrogen corrosion. If the helium flow is seeded by cesium (for an MHD

generator), reactions between cesium and the hot reactor core must be evaluated and may

affect temperature limits. Cesium has one stable isotope, which has a neutron cross

section low enough to not be concerned about poisoning the reaction, but high enough to

be concerned about depleting the seed concentration.

My view is that temperature limits in the range 1500K - 2000K should be

considered as more realistic. There is a lot of operating experience with high-temperature

gas-cooled reactors for commercial power generation. These were also graphite, helium-

cooled. Maximum short-term fuel temperature (hot channel max) was cited at about

1600K, with normal fuel operating temperature about 1150K. Fuel was rated at 3 full-

power years, with burnup approaching 100,000 MWD/t. (Another source gave 50,000

MWD/t.) Note that these reactors used a highly enriched U235 load, with thorium 232 as

a "phoenix fuel" rather than U238.

Reactor: For this application, the reactor design must include burnup as well as heat

transfer limits. Rocket reactors have very low burnup and it is not an issue. They are

also high pressure drop designs; closed-cycle Brayton systems must be very low pressure

drop. See analysis to follow.

Superconducting Magnets: The referenced paper describes superconducting

magnets for producing the magnetic field for the MHD generator. These are presumably

located near the reactor. The reactor will leak a megawatt or so of radiation ... neutrons

and gamma rays. Some of this (a kilowatt?) will be deposited in the magnets. Removing

heat from a superconducting magnet at liquid helium temperatures is a prodigious task.

There is a tradeoff among distance from the reactor, shielding and cryostat mass, to

minimize total mass penalty. We can be confident this mass penalty is greater than zero.
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Turbo-compressors: Specific mass projections, based on aircraft engine

experience, appear to be applicable. Note that a helium compressor may be considerably

more massive. Air has 7 times the molecular weight of helium, and hence 7 times the

density and 40% the speed of sound. A helium compressor is likely to need at least twice

the number of stages for a given pressure ratio compared to an air compressor. Some

analysts have proposed helium-xenon mixtures to solve the molecular weight issue; the

mix apparently has most of the conductivity and heat capacity per unit volume of helium

but is much easier to pump.

In an MHD design, an electric motor must be used to drive the compressor, and

appears to have been neglected in some references. Its specific mass will be many times

that of the compressor. I referred back to one of the solar power satellite thermal cycle

studies of several years ago. It described a 32-megawatt electrical generator at 0.14

kg/kWe, not including its thermal control system. This estimate was made by General

Electric, a builder of high-power aerospace electric generators.

Of course, if one uses a conventional turbine, the compressor may be driven by a

shaft but the power output must come from a generator which will be as heavy per unit

power as the motor. Note that for a typical closed Brayton cycle the compressor power is

about twice the output power, so the advantage still goes to the conventional turbine.

Regenerator (also called recuperator): The regenerator mass per unit heat transfer
area is estimated as 1 kg/m 2. This may be appropriate for a lightweight, moderate-

temperature industrial design. Note that if the recuperator is a tube-in-shell design, the

mass of a tube is pDLtp (thin wall approximation) where terms are D diameter, L length,

t thickness, and p material density. The heat transfer area is pDL, and the ratio m/A is

just tp, which is intuitive. For the temperatures of operation, up to over 1400K (over

2100F) the material must be a turbine-type nickel-based alloy. For these, P is about 8000
kg/m 3. For m/A to be 1 (just for the tubes), the wall thickness must be 0.125 mm =
0.005".

Radiator: The radiator mass per unit area is a significant contributor to overall
mass. 1 kg/m 2 is equivalent to a sheet of aluminum 1/2800 m = 0.36 mm thick. This is

0.014". If the material were a copper alloy as probably necessary at the planned radiator

temperatures 500 - 700K (440 - 800F), the thickness would be 1/8000 = 0.125 mm =

0.005". Small fin radiators on spacecraft may indeed be so thin, but this radiator is

another animal entirely and will be several times as massive. One cannot afford the mass

penalty, pressure drop, or leak risk of piping the helium all over the large radiator area

(for the cycle I analyzed, 10 MWe, the radiator area is about half a football field).

Therefore, the design needs to be a compact(!) heat pipe heat exchanger which transfers

waste heat from the helium flow to a large number of heat pipes which then distribute the
heat over the radiator area. It will be > 1 kg/m 2.
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MHD vs turbine: As cycle peak temperatures are reduced in the interest of realism,

and radiator masses become more realistic, the higher efficiency of a turbine versus an

MHD generator, combined with the reduced size of output generator versus compressor

drive motor, may tip the balance in favor of a conventional turbine, if turbine materials

and designs can be developed for helium use at selected cycle temperatures. The tradeoff

should be based on point designs for comparative systems at realistic temperatures and

component mass characteristics.

3.4 Sensitivities

Mission/performance sensitivities and representative estimates are presented in

Figure 3-1.

° Specific power is sensitive to technology level and power output.

° NEP does not scale to low power well.

° May not make sense to produce a reactor at less than 100 kWe
capability.

° Thruster sensitivities will be the same as for SEP. High values of

system specific power favor high efficiency thrusters, e.g. ion. Low
values favor low mass thrusters, e.g. MPD.

NEP Specific Power
80

. Thruster selection is also driven by
mission optimum Isp. Some NEP

Sp 70

missions need high Isp > 5000 sec, eoi60
fic

for which ion thrusters may be the Po60
only practical solution. At high we4°r

power, some of the plasma devices kg30
/k

20

may work well. w
10

. [ I

10 100 1000 10000 10000

0

Power kWe

These projections were supplied by Bob
Cataldo of the NASA Glenn Research

Center. Where overlap in estimating existed,
we generally agree.

Figure 3-1: Performance Sensitivities - Discussion

Estimates from other sources, especially at high power levels, varied widely, with

some estimates well below 1 kg/kWe. Some of these estimates were linked to MHD
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generators (rather than turbine-generators). Others considered gas-phase (plasma)

reactors along with MHD.

Since the efficacy of nuclear electric propulsion for human Mars missions seems to

depend on achieving low values of mass/power, the present investigation was focused on

high-power advanced technology reactors.
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4.0 Selection of Systems for Analysis

A brief review of potential cycles was performed, as summarized in Table 4-1.

Potential Cycles
Thermoelectric

Thermionic

Brayton
Turbine
MHD

MHD gas-core

Rankine

Steam

Liquid Metal

Stirling

Considerations

Cycle efficiency very low and max temperature restricted;

thus mass/power relatively high.
Promise of good efficiency has never materialized;

plagued by materials problems.
Tends to large radiator areas but cycle is high efficiency.

"Traditional" design; turbine temperatures may be limiting.
Potential for high cycle temperatures if reactor materials

and life are capable.

Removes reactor (but not other) temperature limits; very
speculative and difficult to develop.

Higher average radiator temperature for same cycle
bottom temperature; working fluids usually corrosive.

Classical terrestrial thermal power cycle; radiator

temperatures too low for space.
SNAP-8 tried mercury (nasty material); modern designs

use potassium; materials problems rampant.

Because it involves a lot of heat exchange, tends to be
preferred only for low-power (10's kW) systems.

Based on the considerations in the table, Brayton turbine and MHD cycles were

selected. A specific objective was to estimate the advantages for MHD generation.
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5.0 Cycle Analysis

The specific cycle analyzed was taken from the referenced paper. It is diagrammed

in Figure 5-1. Helium is compressed by a compressor, shaft-driven in the case of a

turbine expander and motor-driven in the case of an MHD expander. Two intercooler

stages are used to reduce the average heat rejection temperature. This improves cycle

efficiency for a given cycle temperature ratio, but increases the radiator area per unit heat

rejection. There is an obvious trade here; the trade was not performed.

Helium leaves the compressor and enters a recuperator which preheats it by

transferring heat from the helium leaving the turbine or MHD expander. This also

improves cycle efficiency by increasing the average cycle temperature ratio for a given

max/min temperature ratio. The recuperator enables practical cycle efficiencies above

25%, not otherwise achievable.

Leaving the recuperator, the helium enters the reactor where it is heated to the cycle

maximum temperature. It then enters the expander (MHD or turbine). Leaving the

expander, the helium enters the recuperator where it is further cooled by transferring heat

to the compressor discharge flow. Leaving the recuperator the helium enters the radiator

heat exchanger and is cooled to the cycle minimum temperature.

State points are presented in the Figure. Red text shows a representative MHD

expander case, with maximum temperature 2000K, and black data are for a turbine

expander with maximum temperature 1500K. These values represent my estimates of

maximum practical cycle temperatures for these cases. Cycle minimum temperature was

not optimized but is not far off optimum. Temperatures are K and mass flows kg/s.
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Pressure Drop Effect on Cycle Efficiency: We used the same cycle diagram as the

referenced paper. Cycle points are as follows:

1 - Compressor 1st stage inlet

2 - Compressor 1st stage exit

3 - Compressor 2nd stage inlet

4 - Compressor 2nd stage exit

5 - Compressor 3rd stage inlet

6 - Compressor exit/recuperator inlet (cool side)

7 - Recuperator exit/reactor inlet

8 - Reactor exit/expander inlet

9 - Expander exit/recuperator inlet (hot side)

10 - Recuperator exit/radiator inlet

The pressure ratio across the expander can be expressed as

P8/P9 = P8/P6*P6/PI*P1/P9

= P8/P7 P7/P6 P6/P5 P5/P4 P4/P3 P3/P2 P2/P1 P1/P10 P10/P9

and noting P6/P5* P4/P3* P2/P 1 =rcN,

N
P8/P9 = P8/P7*P7/P6*P5/P4*P3/P2*P1/P10*P10/P9* rc

where all the pressure ratios on the right hand side of the latter expression are

pressure drop ratios, which can be combined, to express

P8/P9 = G* rcN, where G <1 is the net pressure drop ratio for the entire cycle.

Using the authors' expression for cycle efficiency,

m
m

T (1 T9 T2 1)
max Zmax) - NcZmin(r i

mln

th

l] Tmax (l T7 )
T

max

We determine T9/Tmax as 1 - hs,g [1 - 1/(Gpg)(>l)/v];

T2/Tmin as 1 + 1/hs,g[pg (v-1)/(Nv)- 1];
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and T7/Tmaxaser(T9/Tmax)+ (1-er)(T6/Tmax)

By assumption,T2 = T6; therefore(T2/Tmin)(Tmin/Tmax)maybesubstitutedfor
T6/Tmax. Usingtheseexpressions,onecanplot cycleefficiencyversuscyclepressure
ratiofor arangeof valuesof pressuredropratio,asis donein Figure5-2.

Forpurposeof analysisof achievablepower-to-massratio, I selectedthetopcenter
chartwithpressureratio4 andpressuredropratio 0.85,andcycleefficiency30%. This
reflectsmy skepticismof operatingthereactorwith aheliumoutlettemperatureof 2500K
for a longperiodof time. Thepressureratio is nearoptimum;I sawno reasonto stay
with thereferencepressureratio8.

I alsoanalyzeda representativeturbomachine(asopposedto MHD) conversion
cycle,with cyclemaximumtemperature1500Kandminimumtemperature500K,also
withpressuredropratio0.85. Thiscase,coincidentally,alsohascycleefficiency30%.

Full optimization of the cycle requiresoptimizing on pressureratio, low
temperaturelimit (assuminghightemperatureis fixed atmaximumhardwarecapability),
pressuredropversusmassof eachmajorcomponent,andradiatordesign.

I useda smallC codeto generatethecycleefficiencycurvesanda spreadsheetto
analyzemass/powerratio. Cycle statepoints werepicked off from the C code and
manuallytransferredto thespreadsheet.

Reactor Performance: The reactor design was assumed cylindrical, similar to a

NERVA reactor. Two considerations were used to size the reactor: fuel burnup and heat

transfer. For simplicity I assumed the reactor core was U235C2 and graphite. A

practical design might add thorium-232, as needed to get the right criticality and to

provide some breeding to counteract burnup. No neutronics analyses were done. The

reactor is certainly large enough. The main reasons for a neutronics analysis are to size

the reflector, assess controllability based on reflector drums, and determine reasonable

burnup and benefits of thorium addition.
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Cycle Parametric Analysis Results
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the analysis of this paper was the

lower left chart, with cycle pressure

ratio 4 and pressure drop 0.925.

However, the somewhat lower

minimum temperature of the

immediate left chart would raise the

cycle efficiency about 10 "points".

Figure 5-2

Fuel load was based on 80,000 MWD/ton, about 9% burnup, and the physical size

of the reactor was based on a 20% void fraction for helium passages, an assigned pressure

drop of 3 psi (about a fifth of the allowable for the entire circuit), and the necessary heat

transfer area. The graphite mass was determined by balance of volume after fuel load.

Viscosity was determined by a kinetic theory relationship:

m = 2.6693 x 10-5 sqrt (MT)/(d2f_) where the result is in cgs units. For mks

units, divide by 10, which was done on the spread sheet.

Averages were used, where a real heat transfer analysis would consider several

points in the helium passages to assess heat transfer versus helium temperature and other

flow conditions. The Reynolds' number in the passages is lower than I would like, but is

probably OK. Friction coefficient was an assumed value. A 20 cm (8") reflector was
assumed, with reflector controls assumed included in the reflector mass. The reactor size

result is somewhat too small for mass flow (pAV), so further design iteration would be
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required for a real design. However, this seems to be in the ballpark. Main reactor

parameters are given in Figure 5-3.

Turbomachine: Used a specific mass of 0.025 kg/kW shaft power. Various sources

suggest this is about right. However, none of these sources described helium

turbomachines; it is quite possible that because of the low molecular weight, helium

machines will need so many more stages they will be significantly heavier. For the MHD

expander, I used a specific mass of 0.05 kg/kWe. There is little data on which to base

this estimate. It has only a small effect on overall power-to-mass ratio unless the specific

mass is much greater.

Electric Power Output
Thermal Power MW
Cycle Max Temp
Cycle Min Temp
Cycle Max Pressure
Cycle Pressure Ratio
Pressure Drop Ratio
Reactor Void Fraction
Design Life (yr)
Total Megawatt Days
Total Uranium Burn
Assumed Burnup (MWD/t)
Fuel Load (U235)
Burnup %
UC2 Load
Graphite Mass
Reflector Thickness
Reflector Mass
Vessel Mass
Total Mass & Alpha

kg/kWe

MHD Turbine

10 MW (same)
32.6 33.2
2000K (same)
500K (same)
10 atm (same)
4 (same)
0.85 (same)
20% (same)
2 (same)
23,840 24,255
27 kg 27.5 kg
80,000 (same)
298 kg 303 kg
9.1 9.1
328 kg 334 kg
2560 kg 2608 kg
0.2 m (same)
2148 kg 2171 kg
540 kg 545 kg
5580 kg 5658 kg
0.56 0.57

MHD Turbine

Heat Transfer Passage L/D 400 (same)
Passage Size 5 mm (same)
Delta P 3 psi (same)
Reynolds' No. 2900 (same)
h, kcal/m2-K 0.19 (same)
Reactor Vol m3 2.04 2.07
Reactor Length 2 m (same)
Reactor Diam 1.14 m 1.15 m

Re

ac
tor

Vo

lu

m

e

m

Reactor Volume vs Pressure
Drop20% void fraction
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iiiiiiiiiiiiiiii   iiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiiii iiiiiiiiiiiiiiiiiiiiiiiii
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Pressure Drop psi

Figure 5-3: Reactor Parameters From Spread Sheet

Regenerator/recuperator: A tube-m-shell design was assumed, and heat transfer

area required was factored from the reactor heat transfer analysis, considering delta Ts

and total heat transfer required. I used a somewhat greater mass/area than in the

reference paper, because the latter results in very thin wall tubes. Also, I added a

calculated allowance for shell mass. Since this shell will run quite hot, I used a low stress

value for the shell, and assumed it would have the density of a turbine alloy.
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Radiator: Radiator area was calculated based on total heat rejection and assumed

average temperature. The average temperature will trend close to or below the cycle

minimum temperature because of temperature drops between the helium minimum

temperature and the actual heat rejection temperature. The radiator was assumed to be a

finned heat pipe design, with flat fins between the pipes externally and circular fins inside

the helium-to-heat-pipe heat exchanger manifold. Sodium or potassium appear to be

suitable heat pipe fluids for the temperature range considered. At a somewhat lower

cycle minimum temperature, water could work. Thermal power per heat pipe, and length

of the pipes, is probably pushing the state of the art. Capillary-pumped loops might be
better.

I used a numerical integration to roughly iterate on fin thickness. Fins too thin, too

much delta T and radiator weight goes up. Fins too thick, fins weigh too much. There is

an optimum, and getting the complete optimization is a fair amount of work; for example,

it also involves varying the heat pipe size and spacing. My optimization was rough, but I

think the radiator mass is representative.

The radiator is actually in 3 parts. One section rejects heat in cooling the helium

from regenerator outlet to compressor inlet, and the other two sections reject heat from

the compressor intercooler segments of the cycle. The radiator total area is so large as to

dwarf the rest of the system, although at 3743 sq m (about 3/4 of a football field) this area

would only generate a little over 1 megawatt as a high-performance solar array.
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Main recuperator and radiator parameters are shown in Figure 5-4.

MHD Turbine

Recuperator heat transfer kcal/s 9427 4726
(39,460 kW)(19,782 kW)

Req'd heat transfer area m2 586 675
Tube diameter mm 6 (same)

Vol/Area m3/m2 0.0045 (same)
Recuperator volume m3 2.64 3.04
Total tube flow area m2 0.31 0.356

Number of tubes 10,940 12,593
Recuperator cross-section m2 0.93 1.07
Recu perator diameter m 1.09 1.17
Recuperator length m 2.84 (same)

Tube mass per unit area kg/m2 1.5 (same)
Tube wall thickness mm 0.2 (same)
Shell stress ksi 5 (same)
Shell wall mm 4 4.2

Tube mass kg 880 1012
Shell mass kg 365 425
Baffles & misc. mass kg 73 85

Total recuperator mass kg 1318 1521

Heat rejected kWth 22,634 23,203

Radiator HTX DT 25K (same)
Fin DT 50K (same)
Average Temp 475K (same)

Emissivity 0.9 (same)
Sides 2 (same)
Heat per unit area (Stef-Boltz) kW/m2 6.05 (same)
Area required m2 3743 3837

Figure 5-4: Recuperator and Radiator Parameters

Radiator delta T rec out compr in 201 153
Heat radiated kWth 10,468 9200
Radiator delta T intercoolers 116.72 (same)
Heat radiated (x2) kWth 6083 7001
Estimated radiator HX area m2 1132 1160

Heat pipe diam cm & length m 5; 20 (same)
Heat pipe spacing cm 15 (same)

Area per pipe m2 3 (same)
Number of pipes 1248 1279
Thermal power per pipe kWth 18.14 (same)
Pipe wall mm 0.2 (same)

Mass per pipe kg 5.03 (same)
Fin thick mm 0.2 (same)
Fin area m2 2495 2558

Fin mass kg 3992 4092
Radiator mass (not incl manifold) 10,263 10,520
Heat transfer area per pipe m2 0.91 (same)
Manifold wall mm 1 (same)

Manifold mass kg 5763 5908

Fin Temperature Profile

500 -

49048O

Te

m 470

P 460

45O

440

43O

0.000 0.010 0.020 0.030 0.040 0.050

Finxm
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6.0 Results

6.1 Mass/Power Performance

The specific mass summary for the system is as follows:

Total Raw Alpha
Reactor
Generator

Recuperator
Compressor & Drive
Radiator
Radiator Manifold

Total

Integration Factor
Total Estimate (kg/kWe)

25%

0.55798

0.14124
0.13169
0.31936
1.02626

0.57629
2.75285
0.68821
3.44107

Although much greater than the estimates of the reference paper, this is still a very

lightweight system compared to most estimates of space nuclear-electric systems. The

reasons for the high performance are high power (10 megawatts) and high cycle

temperature.

Turbogenerator System

This system differs from the reference system as follows:

Cycle max temperature 1500K instead of 2000K

Expander is turbine rather than MHD device, efficiency 0.89 instead of 0.70

No motor required to drive compressor (it's shaft-driven)

Shaft-driven rotating generator required to produce electrical power

The specific mass summary for this system is as follows:

Total Raw Alpha
Reactor

Compressor and Turbine
Recuperator
Generator

Radiator
Radiator Manifold
Total

Integration Factor
Total Estimate

25%

0.56587
0.13002
0.15216

0.15000
1.05204
0.59076
2.64086

0.66021
3.30108
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Comparing the two systems, the reactor, recuperator and radiator are almost

identical. Cycle efficiencies are almost the same; the reduced maximum temperature for

the turbogenerator system is compensated by the greater turbine efficiency compared to

the MHD machine. The rotating system has slightly less mass than the MHD machine,

compressor and drive. This is mainly because the generator has about half the power

rating of the compressor drive.

6.2 Desirable System Characteristics

• Desirable thruster characteristics are the same as for the SEP system.

• Reactor must not go critical upon water immersion (launch safety).

• Adequate materials life margin at highest operating temperatures.

• "Leak safe", i.e. loss of cycle working fluid highly unlikely, or redundant system

which can continue to operate if some working fluid lost.

• Minimize auxiliary power required to start thermal cycle (e.g. minimize spin-up

power to start turbogenerator)

• Fluid loop joining not required in space (design the system so that all fluid loops are

filled and checked out on the ground and only deployed in space).

• Minimize needs for auxiliary cooling loops. (Some will almost certainly be required.)

• Ability to match power generation to thrusters with minimum of power processing
and control.

6.3 Design Strategies and Approaches

For small systems ~ 100 kWe, heat pipe cooled reactors work well and can be made

relatively fail-safe. Materials are generally current state of the art.

Small reactor systems could have multiple independent helium heat exchange paths

to provide redundancy against helium leaks. Each path would have its own

turbogenerator and heat rejection system, as illustrated in Figure 6-1.

Electric propulsion systems can usually trade partial power loss for greater trip

time, so this redundancy offers ability to do a degraded mission in the event of helium
loss.
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Largersystemsmayuseheliumflow throughthereactor;this is especiallytrue if
high power-to-massratio is sought. Thesesystemsappearto have lessredundancy
potential.Useof refractorymaterialsfor reactors,heatexchangersandturbomachines(or
MHD converters)arepredictedto yield specificmass< 5 kg/kWe,as notedabove.
Reachingtheseperformancelevels will require significantmaterialsdevelopment,
especiallyfor reactorfuels.

The heat pipe heat exchanger
has four independent
helium paths, each rated at
25 kWe. Loss of one
helium circuit does not shut

down the others. Any
number from 1 to 4 may be
used. Dimensions are

assumed. No criticality
analysis was done.

 iiiiiiiiiiiiiiiii i a iiiiiiiiiiiiiiiiiiii

Heliu
flow iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii',v

75 cm

4O

Figure 6-1: Redundant Heat Removal Concept

6.4 Risks

• Materials durability and life

• Extensive body of experience exists for certain reactor fuel forms

• Stainless steel and uranium dioxide, valid to ~1200K

• Graphite and uranium carbide in inert gas to ~ 1500K

• Graphite and various carbide-based fuels to short-term temperatures > 2500K

(rocket reactor tests; carbide fuel data base is mainly non-neutronic).

• Creep-rupture criteria must be used for metallics under stress at high temperature
(e.g. For reactor vessels, turbomachines, heat exchangers); generally limits

nickel-based alloys to about 1250K

• Under inert gas, refractory materials can reach higher temperatures; need

technology tests to set limits.

• Leakage is a major issue for long-life helium and liquid metal systems.

• The need for an acceptance test at temperature to assure no leaks conflicts with

the requirement to launch inert reactor.

E-23



IISTPPhaseI FinalReport
September14,2001

• Riskreductionandcontrolshouldbefocusof technologyadvancementand
developmentplans.

• Difficult to estimatecostsuntil thisis done.

6.5 SystemsTesting

Developmentof NEPsystemsis usuallyconsideredastwo separatedevelopments,
one for the electricpower system(including the reactor)and one for the electric
propulsionsystem. Sometimesthe division point is consideredto be betweenthe
reactor/heatpipethermalsourceandthegeneratorsystem,whichmaybecoupledto the
propulsionhardware. The most logical breakpoint appearsto be (1) testing the
reactor/heatpipe system,or in the caseof a direct-cooledadvancedreactor, the
reactor/heliumflow system,in whichthepowerconversionequipmentis simulatedby a
circulatingpump with heatremoval;(2) testingthepowerconversionsystem,initially
aloneandlater integratedwith the electricpropulsionsystem,with electrically-heated
heatpipes. This permitssimulatingstart andstoptransientswith an integratedpower
generationand propulsionsystem. Electricallyheatedheatpipes,or an electrically-
heatedheatexchanger(for the direct-cooledsystem)cansimulatethe reactorup and
downpowerramps.

Initial testingwould developthe componentsto the point of integratedtesting.
Integratedfuel element/heatpipe testingwould be performed,suchas currently in
progressatMSFC. Nuclearcomponent-leveltestingappearsnotrequired.An integrated
testprogramwouldbesomethinglike thefollowing:

(R1) Criticalassembly...neutronflux, criticality measurements,andcontroldrum
effectivenessat low or "zero"power,no coolantflow. No specialfacilitiesrequired.
ThiswouldbeaDoEtest.

(R2) First reactorbuild: Neutronflux andheat transferat power,with facility-
pumpedhelium-xenoncoolantmixture. Thisrequiresa reactortest facility whichcan
containreactorfailures.Unlike theNTP,thereisnopotentiallyradioactiveeffluentfrom
thereactorundernormaloperatingconditions.Xenonhasseveralstableisotopes,some
of whichhaveanappreciableneutroncrosssection(~ 5 barns). Therefore,onewould
expectsomexenonactivationto occur.Activationproductsall appearto haveshorthalf-
lives,nomorethanafewdays. Inadvertentleakageof activatedxenon,if xenonis mixed
withheliumastheworkingfluid,maybeanissue.

Testsbeginwith starttransients,continueat reducedpowerandtemperature,and
increaseinpower,temperatureanddurationasdataarecollected.Thetestobjectiveis to
operatethe reactorfor the designduration. Thereactoris monitoredfor unexpected
fissionproductrelease,whichwouldindicateafuelelementfailure. At theendof thetest
series,thereactoris dismantledandinspectedin detailin arobotichotcell. This testing
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is similar to previousreactordevelopments.Existingfacilities at oneor moreof the
nationallaboratoriesappearadequatefor thesetests. If thereactorperformsasexpected,
onebuild is sufficientfor thistest.

(R3) Secondreactorbuild: Reactorqualification,with facility-pumpedhelium-
xenoncoolantmixture for testsat power. The clean-coldreactor is renderedsafe
(incapableof goingcritical) andsubjectedto launchenvironmenttestsandany other
environmentaltestsrequiredby the specification. It is then inspectedfor damageor
deterioration.Thereactoris thenplacedin areactortestfacility,probablythesameone
as usedfor the first build tests,and subjectedto a qualificationtest includingcontrol
functionalitybeforeandaftera life test. Thereactoris monitoredfor unexpectedfission
productrelease,whichwouldindicatea fuelelementfailure. At theendof thetestseries,
thereactoris dismantledandinspectedin detailin arobotichotcell.

(P1) Power conversiondevelopment: The power conversionsystemis fully
developedby non-nucleartesting,with anelectricalheatsourcepoweringtheheatpipes,
to simulatethereactorheatexchanger.Thepowerconversionsystemis life-qualifiedin
thesamefacility, includingenvelopeexcursionandlife tests. Priorto life qualification,
thepowerconversionsystemissubjectedtolaunchenvironmentandotherenvironmental
qualification tests. Existing test facilities are capableof this. Somespecialtest
equipmentmayberequired,but is notascheduleorcostissue.

(P2)Electricpropulsiondevelopment:Theelectricpropulsionsystemis similarly
fully developedandqualified,in anelectricpropulsiontestfacility. Thesefacilitiesalso
exist,for theNeptuneOrbiterclasspropulsionsystem.

(P3) Powerintegration: The power conversionsystemis integratedwith the
electric propulsionsystemand the assemblyis subjectedto start, stop and power
excursiontests. Electricalheatis usedto simulatethereactorheatsource. Thesetests
demonstratesimulatedflight operationof thepower/propulsionsystem.

(R4) Third reactorbuild ... first flight reactor:This reactoris subjectedto non-
poweracceptancetestingand deliveredfor first systemflight. An integratedpower
conversionandelectricpropulsionsystemis integratedwith thereactor.Functionaltests
andheliumleaktestsareconductedontheassembledsystem,at thelaunchsite. Reactor
controlsareexercisedat "zero"powerto calibratecriticalityandpropercontrolfunction.
This final test is conductedin a shieldedfacility to guardagainstunplannedpower
excursions.Thereactoris preparedfor flight by implementingwhateverlaunchsafety
provisionsarespecified;for example,neutronpoisonsmayneedtobe installed.

In view of theserequirements,theNEPprogramshouldbeconsideredasrequiring
majortestfacilities,whichapparentlycurrentlyexist for reactorpowerlevelsin the100
kWerangeasappropriatefor roboticmissionsto theouterplanets.New facilitieswould
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be requiredfor high-powerreactorsas appropriatefor humanexplorationmissions.
Furtherevaluationof requirementsat the launchsiteshouldbeconductedfor all reactor
classes.

6.6 CostConsiderations

Non-recurring:

• These reactors, at least 100 kWe-class and current materials, do not appear

expensive. Applicable data base is substantial.

• Existing facilities may be usable, but probably require modification. A

reactor containment vessel is required for nuclear testing at power.

• Power conversion systems for 100 kWe-class systems are state of the art.

Full scale development is required.

• Systems and life testing expected to be expensive.

• High-power, advanced-technology systems appear expensive for technology

advancement and development. May need new facilities.

Recurring:

• Costing should be possible with CERs; help from GRC.

• Heat exchangers are high-quality welded structures.

• Turbomachines are similar to rocket turbopumps.

• May want to add a little to avionics cost estimates for rad hardening.

Operations:

• NEP-savvy staff required for operations at least during power-up periods, which

usually last for years.

• Expect added systems safety costs to satisfy environmental safety.

• Post-mission reactor disposal but this appears to be a minor cost.

6.7 Strategies for Technology Advancement and Mission Readiness

• Certify fuel forms and materials by thorough testing

• Small systems first to minimize costs of problems

• NEP use on HEDS missions is more doubtful than NTP.

• Not clear there is a foreseeable need for expensive, risky high-power systems.

• May want first in-flight use to begin at Earth escape to minimize safety and
environmental issues

• Thorough ground test program in containment facility

• No reason identified for a technology flight test.

• Flight engines cannot be acceptance tested because they become radioactive. Can

and should do turbogenerator "green runs".

• Long-duration qualification could use a progressive mission program
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• Qualify system for 1 - 2 years by ground test

• Operate on 1 to 3 year missions

• Use flight data to increase qualified run time

• Apply to longer and longer missions
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7.0 Conclusions

NEP is applicable to most mission categories
Inner solar system complex profile

Outer solar system simple profile

Outer solar system complex profile

Beyond solar system

HEDS Mars and asteroids, but no strong advantages and has operational
issues.

• The technology is well-understood in principle
Reactor and power conversion technology programs.

Mature analytical capabilities

• Mass/power ratios less than 5 kg/kWe are

probably achievable
• Direct-cooled closed cycle helium or helium-xenon cycle and reactor

• Turbine-based system appears to provide performance about equal to MHD

system with significantly lower maximum temperatures (e.g. 1500K vs

2000K) and more mature technology

• Projections of mass/power 1 kg/kWe or less do not appear realistic for any

foreseeable technology.

• Significant public safety and environmental issues exist

• Operations in, and return to, Earth orbit may be restricted or prohibited.

• New facilities appear needed for high-power systems > 100 kWe

• Containment of accident required; may be main cost impact on test facility

• Launch "virgin" reactors; not significantly radioactive

• Non-recurring costs require careful evaluation

• Operations costs require careful evaluation

• Loss of helium may be major risk for dynamic conversion systems.
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NuclearThermalPropulsion(NTP)IndependentAssessment
GordonWoodcock
GrayResearch,Inc.

1.0IntroductionandPurpose

Thisassessmentwasconductedaspartof GrayResearchsupportto theMSFCIn-
SpaceIntegratedSpaceTransportationPlanningactivity. Thepurposeof theassessment
wasto developan independentunderstandingof theperformancepotentialfor nuclear
thermalpropulsion,andthetechnologycharacteristicsthatwouldbestserveutilizationof
nuclearthermalpropulsionfor futurespacemissions.

2.0NuclearThermalPropulsionMissionConsiderations

Basic Principles - As we noted in a companion assessment, chemical propulsion

systems are energy-limited. Hydrogen and oxygen, one of the most energetic reactions,

and one that is practical to use, releases 57 kcal/g-mol or 57 kcal per 0.018 kg. This

represents about 13.2 million J/kg, and when this is converted to kinetic energy, the

ideally attainable jet velocity is 5149 m/s for an Isp of 525 sec. Actual rocket engines can

convert about 80% of the energy to kinetic energy operating in vacuum, so one would

expect an actual attainable Isp of 465 to 470 seconds. To do better requires an alternate

energy source.

Soon after the discovery of practical release of nuclear energy in fission reactors, it

was recognized that here was an enormous source of propulsion energy. The energy

released in a fission reaction is about 180 Mev per U-235 nucleus. Given 1.602 x 10 -13

J/Mev & 1 amu = 1.66 x 10-27 kg, we calculate the energy of fission 180 x 1.602 x 10-

13/(235 x 1.66 x 10 -27 kg) which equals about 7.4 x 1013 J/kg and by the same logic we

should be able to attain an Isp about a million seconds.

Alas, no one could figure out how to make such an engine because no imaginable

material could contain such a reaction. Ordinary fission reactors dilute the reaction

millions of times as the heat of the reaction is transferred to fuel elements which operate

at modest temperatures. Locally, the great energy of each fission reaction creates

material damage but the damage is readily dealt with by the bulk properties of the fuel

element material, up to a point.

It was, however, realized that if one could operate a reactor with solid fuel elements

at high temperatures and heat a light gas such as hydrogen to the fuel temperature, one

might achieve Isp between 800 and 1000 seconds, about twice that of chemical rockets.

While far short of the energy limit figure, this is enough improvement to be interesting.

In the late 1950s, a technology program was started to exploit the possibilities. This grew

into the Rover program which built and tested several experimental rocket reactors in the
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1960s and early 1970s. These tests demonstrated achievability of the target range of Isp

with operating times up to an hour at high temperature. Congress voted to terminate

funding for the Rover program about 1972.

This nuclear rocket engine type exhibits the characteristics of an energy-limited

system. Isp is limited to 1000 seconds or less, but high thrust is readily achieved.

Today this type of nuclear rocket is referred to as nuclear thermal propulsion

(NTP).

Ideal velocity increments (delta Vs) for in-space transportation missions range from

a few to over 20 km/sec, with most interest for application of nuclear thermal propulsion

falling in the range 7 km/sec to 15 km/sec. Below 7 km/s chemical propulsion is

relatively capable, and above 15 km/s the mass of an NTP system begins to grow rapidly.

Mission Applications - Table 2-1 presents a summary of mission types reviewed by

IISTP, and expected constraints and applications for nuclear electric propulsion.

Table 2-1: Potential Applications for Nuclear Thermal Propulsion

Mission Type
Pluto Flyby

Europa Orbiter
Neptune or Pluto Orbiter

Mars Sample Return

Kuiper Object Rendezvous
Interstellar Probe (to 200
AU)
HEDS lunar
H EDS Mars/Asteroid

Expected Application/Utility
Delta V - 17 km/s from LEO or - 13 km/s from Earth

escape; may need launch to escape, or staging.
Trade vs. chemical + gravity assist.
May need staging; Trans-Neptune/Pluto injection stage and

capture stage. Can use aeroassist at Neptune. Pluto
capture much greater delta V.
Needs reactor disposal strategies for TMI & TEl. TMI
disposal may merely require gravity assist at Mars
Similar to Pluto Orbiter

Staged case may be interesting: Launch to Earth escape &
then 2 NTP stages to add - 25 km/s

Needs reactor disposal strategy; benefit vs cost?
NTP is one of the reference systems. Needs reactor
disposal strategy.
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3.0 Issues

3.1 Safety and Integration Factors

Public safety constraints for nuclear electric propulsion have not been defined. Their

definition will be controversial. Expected constraints are as follows:

Probably no sustained operation in any Earth orbit, but a burn leaving Earth orbit

probably OK. Start altitude may be higher than for chemical stage.

Probably no return to Earth orbit.

Launch clean reactors (thus, negligible radiation hazard on launch accident).

Reactors designed or equipped to remain subcritical on water immersion (launch accident

protection).

Testing (on Earth) requires containment/decontamination of exhaust as well as of loss-of-
coolant accident.

Afterheat, or jettison of engine or entire stage, removal required following high-power
burn.

Protection of payloads and/or crew requires shadow shielding.

Life limited to 1 - few hours (normally not a practical limitation).

Spent reactor needs to be disposed of properly, i.e. not on a trajectory which could

experience future Earth encounter.

Hydrogen propellant for high Isp (operating temperature limits)

Minimum reactor size for criticality leads to a minimum practical thrust level ~ 2K

3.2 Ranges of Achievable Mass/Power Performance

An estimate for a small NTP was prepared using a spread sheet. Results are shown

in Figure 3-1.
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xThrust- to- weight is dictated by reactor size,

reflector, controls, shielding, and installatJon
masses.

xRepresentalive calculatJons are shown to the right.
xThe break in the curve below occurs because the

reactor is assumed to require a minimum of 2 f[3
xlntegratJon mass is that required to make a reactor

and pump into an operating engine, i.e. valves,
ductJng, structure, and controls.

xlnstallatJon mass indudes thrust structure and

gimbal provisions.

InstalledThrust- to- Weight Projections

0 4000 8000 12000 16000

Thrust Ibf

Engine Characteristics
Assume Thrust 3000 Ibf

Assume Temp 2700 K
[violWt 2.016
C* num 12481.343
C* den 0.761

C* 16405.634 ft/s

Isp 892.872 sec
Mass Flow 3.36 Ib/s

Thermal Power 14402.378kcal/s
60.288 MWIh

Estimateof EngineMass
Reactor Power Dens 50 MWth/ft3
Reactor Size 2 ft3

Reactor Dens 5X water
Reactor mass 624 Ib

Vessel Wall Equiv 3 inches
Repr Vessel L/D 2

Repr.Vessel Diam 1.064 ft
Repr Vessel Len 2.168 ft
Vessel Wall Dens 3X water
Vessel Mass 345.435 Ib

Pump Mass 33.599 Ib
Nozzle mass 15 Ib

Subtotal 1018.034 Ib

Integration mass 356.312 Ib

Bare reactor engine 1374.346 Ib
Shield thick 6 inches
Shield Dens 3X water

Shield mass 148.249Ib

ready to Inst'l 1522.594 Ib
Inst'lmass 380.649 Ib

Installed engine 1903.243 Ib

Figure 3-1: Estimated performance for 3 klbf (13.3 kN) NTP
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3.3 Specific Observations Regarding Performance Estimates

The NTP inputs received from technologists during IISTP Phase I represent very

optimistic technology performance compared to comparable inputs for other propulsion

technologies. It is well known to most reviewers that these performance estimates are

very optimistic, since there is a long history of NTP technology investigations in the U.S.

and, apparently, in Russia.

Conservative estimates would lead to stage masses on the order of 20% more for

the small stages appropriate to robotic outer planet missions. Conservative estimates do

not have a severe effect on the scores for the NTP option.

Fuel Form and Fuel Temperature; Isp

The fuel form (of the optimistic estimates) is small cylinder elements consisting of

cylindrical rolled, perforated tungsten metal foils with uranium oxide fuel. There are a

few dozen of these making up the entire reactor. The propellant flow is from the outside

of the cylinder into a central axial flow cavity, which discharges into a small nozzle for

each fuel element. These nozzles presumably dump into a large diverging nozzle which

continues to expand the flow.

The effect of the rolled perforated foils is to create a porous fuel element with very

large area per unit volume of contact with the hydrogen propellant. This, it is argued,

permits very high power density (and hence low mass) for a given thrust level. The fuel

is operated at about 3000K and the delta T between the fuel temperature and the

hydrogen propellant temperature is claimed to be about 50K.
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Issuesassociatedwith thisdesigninclude:

(1) An inversetradeexistsbetweenheattransferareaperunit volume,and
sensitivityof thefuel formto hydrogencorrosion.Thinfoils asproposed
will besubjectto seriousdegradationevenatlow corrosionrates. I don't
believethecorrosionratefor tungsten/UO2fuel at thesetemperaturesis
well established.Therewaswork doneon tungsten-basedfuelsduring
theNERVAdays,but I don'tknowhowmuchtestingwasaccomplished,
nor at whattemperature.TheremaybemorerecentRussiandata,but I
don'tknowhow reliableit is. Russiantechnologyclaimsaresometimes
drivenby desirefor funding,asis truein theWest. TheRussianstendto
bestingywith rawdata.

(2) At high power densitiesit becomesdifficult to matchpropellantflow
distributionwith neutronflux distributionwhich controlspower level.
Achieving a low and uniform delta T betweenfuel and propellant
requiresa very goodmatcheverywhere. If propellantflow exceeds
proportionalneutronflux locally, thehydrogentemperatureis reduced.
If propellantflow is low, thehydrogenandfuel temperaturego up and
thefueltemperaturelimits areexceeded.Therearelimits to theaccuracy
withwhichneutronflux canbepredicted.

A moreconservativedesignwould reducepower level per unit fuel mass,and
reducedesignpropellant temperatureto give more margin betweennominal fuel
temperatureand failure temperatures. A very conservativedesignwould use the
NERVA-typegraphitefuel form,hexagonalrodswith axialhydrogenflow passages(19
per rod for Nerva;this numbercanbe altered),whichhasbeenextensivelytested. A
moreconservativefuel temperaturewould be about2700K,or if graphitewereused,
2500K. CorrespondingIsps areabout875 and 850. (The NERVA wasestimatedat
about800but it usedahotbleedcycle for turbopumpdrive. Todaywewouldconsider
anexpandercycletobestateof theart,andthis increasesIspat agivenfuel temperature,
becauseall of the hydrogenflow is heatedto full operatingtemperature.)A more
conservativeenginemasswouldbeabouttwicetheMiteeestimates.
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3.4 Sensitivities

Figure3-2presentsatypicalgraphof achievablevacuumIspfor anuclearthermal
rocketengineasafunctionof hydrogentemperature.Fuelmaximumtemperaturewould
typicallybeatleast100K greaterthantheaveragehydrogentemperature.

x Isp is limited by the temperature of

hydrogen flowing through the nozzle.

xThe temperature is limited by the

maximum material temperature of the
reactor core. Allowances must be made

for delta T between the reactor core and

the hydrogen, and for "hot channel factors"

(there will be hot spots in the reactor at

higher temperature than the average core

temperature).

x Nerva reactors operated at hydrogen

temperatures about 2500K

x 2700K is a reasonably conservative

assumption for a newly- developed

engine.
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Figure 3-2: Achievable Isp

A nuclear thermal rocket engine is also sensitive to the propellant fraction of its

propulsion stage. Like a chemical stage, high performance is achieved when the mass

ratio start/cutoff is greater than 2. Table 3-1 presents typical stage mass fraction and limit

delta V capability. The figure assumed an aluminum hydrogen tank. As noted, a

graphite composite hydrogen tank would decrease inert mass and increase limit delta V

capability by about 2 km/s.

4.0 Mission Analyses

Three potential missions were briefly analyzed: Solar System Escape (to 200 a.u.),

Mars Sample Return, and Europa Lander. These analyses were only sufficient to indicate

general performance potential for NTP.

Solar System Escape ... A solar system escape has been achieved by at least 4

spacecraft: 2 Pioneers and 2 Voyagers. These achieved escape by a Jupiter gravity

assist. After 30 years of flight, the Pioneers at about 80 a.u. are approaching the

heliopause, the place where the solar vicinity environment transitions to the interstellar

environment. The design challenge for new technology in-space transportation is to
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reach 200 a.u. in 20 years, without a Jupiter assist. Figure 4-2 summarizes the

performance requirements. The upper curve shows trip times to distances from 10 a.u. to

200 a.u. as a function of solar C3. The lower curve shows solar C3 as a function of high-

thrust delta V, starting from an Earth escape condition. An Earth vicinity gateway could

also be used, as these are very close to Earth escape energy. This mission is just barely

within reach of an NTP system. The required delta V is nearly too much for a system

with Isp less than 1000 seconds. However, it could be done. NEP may be a better

choice, but probably represents a more expensive development.

Table 3-1: NTP Stage

eSensitivities for the engine were displayed on

previous charts.

eThe main sensitivity for the vehicle is hydrogen

tank weight.

eHydrogen is very low density, requiring large
volume tanks.

eHydrogen requires cryogenic insulation to avoid

excessive boiloff.

eTank fractions (tank mass/liquid hydrogen mass)

typically range from 15% to 25%.

eThis limits the mass ratio achievable by a nuclear

stage, and therefore the delta V deliverable by a

single stage

eA sample calculation for a 3000-1b-thrust stage with

15,000 lb propellant load indicated a limit delta V

(no payload) about 12.5 km/sec

elf the tank were graphite composite instead of

aluminum, about 2 km/sec was added.

Sensitivity
Estimate of Vehicle Characteristics

Propellant Load 15000 Ibf

Proellant Dens 4.4 Ib/ft3

Propellant '7ol 3647.727 ft3

Tank ends b/a 0.7

Fu Tank Ftu 55000 psi

FSult 1.5

Tank diam 14 ft3

Tank Pressure 35 psia

Tank Marl Dens 0.103 Ib/in3

Insul Dens 6.00 Ib/ft3

Insul Thick 1 in

Insul Area Dens 0.5 Ib/ft2

Tank ends e 0.714

Ends surf a 442.984 ft2

Ends '7ol 1005.729 ft3

Cyl '7ol 2641.999 ft3

Cyl Area 153.938 ft2

Cyl Length 17.163 ft2

Cyl Surface Area 754.857 ft2
Total Area 1197.841 ft2

Tank Wall 0.08 in

Tank Ideal Mass 1424.54 Ib

Insul Mass 377.428 Ib

Tank Actual Mass 2514.238 Ib

Tank Mass Fractio 0.168

H2 press mass 118.994 Ib

H2 Resid Mass 150 Ib

Prop Delivery Sys 135.814 Ib

Total propulsion s_ 4822.289
Total mass 19822.289

Propellant Fractior 0.7567

Limit Delta V 12.377

Ib

km/s
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Mars Sample Return ... The Mars Sample Return case was similar to the case

described in the SEP assessment. The return was assumed accomplished by chemical

propulsion, and the NTP is used to launch the system from low Earth orbit to trans-Mars

injection. This places a significant delta V on the NTP stage and results in a much

lower mass mission than the all chemical system, but more massive than the SEP case.

Curves to the right show trip times and delta
Vs versus solar C3, starting from an Earth
escape condition.

A single 3K NTP engine with staged cluster
tanks can achieve between 20 and 25 km/sec

(3 tanks and 7 tanks respectively). Burn
times are 3.7 and 8.7 hours.

Distances 100 to 200 AU are achievable in 12

to 30 years.

Such a vehicle could be assembled at Earth-
Moon L2 from a few EELV- H launches.

Cost of this implementation can be traded
versus something like a high- power NEP
where the propulsion system will be more
expensive, but the launches (presumably
fewer required) less expensive.

el
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Figure 4-1: Solar System Escape Mission Analysis
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The Mars sample return mission is summarized as follows:

• Mission profile assumed:

• Launch from LEO by NTP to Mars transfer C3 15 km2/sec2

• Lander does direct entry as before

• Return vehicle does aerocapture at Mars.

• Assume aerobrake plus maneuver propulsion mass penalty 25%.

• Ascent vehicle rendezvous with return vehicle in Mars orbit; payload carrier

transferred; return vehicle performs TEl and capture in LEO upon return to Earth.

• NTP does TMI of entire vehicle from LEO to Mars transfer. NTP stage disposed by

Mars gravity assist at arrival.

• Assume return vehicle 6320 kg as for chemical vehicle.

• Return vehicle ready to capture at Mars 7900 kg.

• Entire package ready to launch to TMI 7900 + 2500 = 10,400 kg

• Assume NTP g loss 200 m/s

• NTP delta V = sqrt(2*bt/r + C3) + 0.2 - Vc, = 11.64 -7.61 = 4.03 km/s

• NTP mass ratio at Isp 850 = 1.62

• Required NTP propellant load 17,500 lb.

• Total launch mass to LEO 46,000 lb, in range of a single EELV-heavy

For the Europa Lander mission, operations at Jupiter can use gravity assist by

Jupiter's large moons. The mission is summarized as follows:

• Capture into 100,000 x Ganymede elliptical orbit ~ 2 km/s

• Note that a moon near periapsis can be used to pump apoapsis and a moon near

apoapsis can be used to pump periapsis.

• Use Ganymede to pump periapsis up to Europa (also increases apoapsis somewhat)

and use Europa to keep apoapsis pumped down to near Ganymede.

• Ideally achievable Vinf at Europa is 1.69 km/s; actual probably closer to 2 km/s.

Then capture and landing delta V ~ 3 km/s.

• Using Isp 325 sec and propulsion propellant fraction yields 2050 kg spacecraft for

250 kg landed bus mass.

• 3K nuclear stage from Earth escape to C3 ~ 90 delta V = 9.5 km/s (assumes nuclear

start at high altitude); mass to escape 30,000 lb

• 3K nuclear stage from LEO to C3 ~ 90 delta V = 7 km/s; mass to LEO = 19,000 lb
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5.0 DesignStrategiesandApproaches

• Smallenginesto simplifygroundtesting
• 3K thrustfor roboticmissions
• 15Kthrustfor humanmissionswith clusteringasneeded

• Coretemperaturescompatiblewith requiredburntimesandnumberof restarts
• No reasonto deviatefromtraditionalNTR designapproach

• Nerva-typefuelelementdesign,perhapsmoreholes
• Feasibilityquestions(sintering,etc)withparticle-beddesign
• Don'tneedhigherpowerdensityfor smallreactors
• EvaluateRussiantwisted-ribbondesigns
• Reflectedcylindricaldesign;reflectorcontroldrums
• Hydrogencoolingof vessel,structuralpartsandcontrols
• Shadowshield
• Adequatematerialstesting(inhothydrogen)for newreactormaterials;or use

Nervamaterialswithin theirtemperaturelimits
• Probablyshoulduseexpandercycleratherthanbleedcyclefor pumppower.
• Redundantpumpsfor humanmissionsto minimizerisk of loss-of-coolant(LOC)

accident
• HydrogenCFM for NTPis thesameasfor cryochemical
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6.0 DesirableEngineCharacteristics

• Highestreactoroperatingtemperatureconsistentwith desiredlife andreasonable
designmargins.

• Lifetime1to 10hoursdependingonmission.
• Reactivitycontrolrangedoesnotextendintopromptcriticalregion.
• Largearearationozzlefor higherIsp.
• Flatneutronflux profileprobablyrequiresfuelloadinggradationsin smallengines.
• Rigorousqualitycontrolneededbecauseflight engineswill notbeacceptancetested.

Pumpscanberunonapumpstand.
• Enginefittedwithneutronpoison(e.g.wiresin coolantpassages)to preclude

criticalityin eventof waterimmersionon launchaccident.
• Usualdesignincludesashadowshieldforprotectionof payload.Hydrogentank

providesadditionalprotection,especiallywhenfilled withhydrogen.
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7.0 TestFacilityandDevelopmentRequirements

Developmentof liquid rocket engines,regardlessof the heat source,has
historicallyrequiredalot of testing. TheF-1enginewentthroughabout50buildsand
1000firingstoreachflight qualification.Thiswas,of course,ahardware-richprogram.
TheSSME,whichwashardware-lean,wentthroughabouta dozenbuildsandhundreds
of firings. Sincea nuclearrocketdoesnot involvecombustiondevices,it mayrequire
fewer. Wehavenovalidhistory,sincenonuclearrocketeverwentto qualifiedstatus.

Of theoptionsofferedfor enginedevelopment,theideaof doingdevelopmentin a
few flight testsis completelyunrealistic. Theotheroptionsareto testusingexisting
man-madedownholesataformerundergroundweaponstestfacility, andbuildinganew
completecontainmentfacility at INEL. A new facility is probablyrequired,but the
downholeapproachmay work and shouldbe evaluated. Either caserequiresa
containmentstructureto deal with loss-of-coolantor other enginefailures;this is
apparentlyproposedforboth options.

My guessis that a nuclearrocketprogramwouldgo throughsomethinglike the
following,assumingenoughdesignconservatismto avoidmajordevelopmentproblems:

(1) Critical assembly...neutronflux, criticality measurements,andcontroldrum
effectivenessatlow power,nopropellantflow. No specialfacilitiesrequired.

(2) Turbopumpdevelopment... The turbopumpwould be developedby non-
nucleartesting,withsimulatedheatsourcefor deliveringhothydrogenturbinedriveand
simulatedthrustchamberfor dischargeflow resistance.Thereareseveralexistingtest
facilities capableof this. Somespecialtest equipmentmay be required,but not a
scheduleor costissue.

(3) First build: Neutronflux and flow distributionsat power, operatingwith
facility-fedhydrogen(noturbopump).Thisrequiresanucleartestfacility. Testswould
beginwith starttransients,continueat reducedpowerandtemperature,andincreasein
power,temperatureanddurationasdataarecollected. Frequenthardwareinspections
wouldberequiredto assesslocalhot spotsandanyotherdamageor deterioration.Most
of thesecouldbe implementedwith roboticsby snakinga fiber-opticviewerup through
thenozzleexit. Somemayrequireengineremovalandtear-downin arobotichotcell.
Thesecapabilitiesarewell within the stateof theart of roboticsandposeno special
issueexceptcostof equipmentdevelopment.

(4) Secondbuild: Correctingdeficienciesin thefirst buildandcontinuingfacility-
fedhydrogentests,attainingdesigndurationandpowerlevel. Testingwouldcontinue
throughdesigncore life, assumingno fuel failuresto that point. Facilitizationand
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proceduressameasfirst build. Followingtest seriescompletion,the corewouldbe
completelydismantledandinspectedfor damageor deterioration.

(5) Thirdbuild: integratedenginetests... theturbopumpis added,andintegrated
enginetestingbegins. Testingproceedsthroughstarttransientsto progressivelylonger
bums. Engineinspectionsareconductedasfor thefirst andsecondbuilds. Turbopump
performanceis closelymonitored,but unlessanomaliesor excursionsbeyonddesign
operatingconditionsoccur,thepumpis not removedor inspecteduntil completionof
the test series. Following completion,the engineis completelydismantledand
inspectedfor damageordeterioration.

(6) Fourth build: Integratedengine testscontinue to explore the operating
envelopespecifiedby the enginespecification. Performancecloselymonitored,but
only in-placeinspectionsrequiredunlessanomaliesareencountered.Followingtest
seriescompletion,theentireenginewouldbe completelydismantledandinspectedfor
damageordeterioration.

(7)Fifthbuild:Qualtestengine.Thequalificationtestserieswouldbeperformed.
Performancecloselymonitored,butonly in-placeinspectionsrequiredunlessanomalies
are encountered. Following test seriescompletion,the entire engine would be
completelydismantledandinspectedfor damageor deterioration.

(8) Sixth build: First flight engine. No acceptancetest is performedon the
integratedengine.Theturbopumpwouldundergoanacceptancetestbeforeinstallation
on theengine.

Thetestfacility includesexhaustcontainment,whichcouldbein anewfacility as
in theINEL testconcept,or in thedown-holefacilitiesasproposedfor Nevadatesting.
Thedown-holeconceptneedsto beexaminedto ensureit is capableof satisfyingatest
programasdescribedabove.My guessis thatthetestprogramcurrentlyconceivedfor
this facility involvesmuchlesstestingthandescribedabove.Figure7-1presentssome
roughcalculationsonacontainmentfacility concept
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Hydrogen throughput (kg), 1 hr at 890 Isp

Volume (m 3) @ 1 atm pressure & 1000 K 1

Length of 5- m dia duct (km)

Volume if water spray to 400K (water vol negl)

Length of 5- m dia duct (km)

Water flow rate required, gpm

Volume if LOX injected to burn hydrogen to

water and then all is condensed by water spray 2
LOX flow rate required

Water flow rate required, gpm

Length of 5- m dia duct (km)

Thrust Levels

3000 Ibf 15,000 Ibf

5504 27520

224,100 1.12x106

11.4 57

89,600 448,200

4.6 23

250 1250

8360 41,800

12.1 60.7

17,102 (600 hp) 85,513

0.5 2.5

1' Assumed it will LOCA _il "_cool to about th is ......... _/_ii]temp due to heat iiiiiiiiiiiiiiiil bypass

transfer to duct wall .:.:i_i_i_i_l__.,,.,.,,,,,,. J Exhaust containment &

gas2:Assumed 5% H 2 _i_i_i_i_lPump React°@_i_i_ _ decontamination.. / ductresidual, plus __1 Diffuser duct _ /
water volume [coole(]) m all.t,., ,_

Containment cell water spray

Figure 7-1: Exhaust Hydrogen Containment Concept

In addition to exhaust containment and a containment structure to deal with

reactor or turbopump (loss of coolant) failures, the test facility must provide thorough

instrumentation, robotics for engine in-place inspection, and engine removal and re-

installation, and one or more robotics hot-cells for engine disassembly, inspection, and

re-assembly.
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8.0 Cost Considerations

• Non-recurring:

• Main cost of nuclear thermal propulsion is re-creation and maintenance of the

R&D institution required.

• Test facilities are significant cost.

• Potential cost of delays due to dealing with environmental impact issues and

political opposition to nuclear propulsion in space.

• These are not amenable to CER analysis because there is no applicable history.

• Recurring:

• Engines expected to be $100 - $150 million each

• Costing should be possible with CERs

• Balance of vehicle is conventional cryo vehicle

• May want to add a little to avionics for rad hardening.

• Operations:

• Similar to other high thrust systems

• Perhaps added systems safety costs

• Post-mission reactor disposal but this appears to be a minor cost.

9.0 Strategies for Technology Advancement and Mission Readiness

• Certify fuel form and materials by thorough testing

• Small engine first to minimize costs of problems

• Intent to use NTP on HEDS missions is sufficient reason to do small engine first.

• May want first in-flight use to begin at Earth escape to minimize safety issues

• Thorough ground test program in effluent-containment & decontamination facility

• See no reason for a technology flight test.

• NTP engine is similar to chemical rocket engine

• High confidence it will work in space if it works in ground test facility

• Flight engines cannot be acceptance tested because they become radioactive. Can

and should do pump "green runs".

• May be a useful functional end-to-end test with hydrogen flow but no nuclear

power. Check all valves and controls, pump spin-up.
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10.0Conclusions

• Applicabletomostmissioncategories
• Innersolarsystemcomplexprofile
• Outersolarsystemsimpleprofile
• Outersolarsystemcomplexprofile
• Beyondsolarsystem
• HEDSMarsandasteroids

• Technologywell-understoodinprinciple
• Rovertestprogram
• Matureanalyticalcapabilities
• Significantpublicsafetyandenvironmentalissues

• Effluentcontainmentandde-contaminationtestfacilitiesarefeasible
• Containmentof loss-of-coolantaccidentrequired;maybemaincostimpacton

testfacility
• Launch"virgin" reactors;notsignificantlyradioactive
• If wewantNTPin thestable,dosmallenginefirst
• Non-recurringcostsrequirecarefulevaluation;notaCERproblem
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SEPIndependentAssessment
GordonWoodcock
GrayResearch,Inc.

1.0IntroductionandPurpose

Thisassessmentwasconductedaspartof GrayResearchsupportto theMSFCIn-
SpaceIntegratedSpaceTransportationPlanningactivity. Thepurposeof theassessment
was to developan independentunderstandingof the performancepotentialfor solar
electricpropulsion,andthetechnologycharacteristicsthatwouldbestserveutilizationof
solarelectricpropulsionfor futurespacemissions.

2.0SolarElectricPropulsionMissionConsiderations

Basic Principles - Basic principles for electric propulsion were described briefly in

the accompanying NEP independent assessment and are not repeated here. Mission ideal

delta Vs for nuclear and solar electric propulsion are similar, and the range of optimum

Isp is also similar. At low power, up to 100 kWe, solar power systems are predicted to

exhibit less mass per unit power than nuclear systems, and nuclear systems have the

advantage at high power levels.

A major difference between the systems is that nuclear electric power systems are

not dependent on the Sun as an energy source and therefore can deliver power and

propulsion in the outer solar system, where solar electric propulsion is ineffective to
useless.

Mission Applications - Principal mission application considerations are:

• Electric propulsion is not useful for landing on or ascent from object with significant

gravity.

• Chief performance limitation is mass required to convert power and produce thrust

• An SEP must point solar arrays to Sun

• SEP must be at a reasonable distance to Sun for thrust power. Array output may go to

zero at low light levels. Thus, SEP may not even produce housekeeping power in

outer Solar System

• Electric storage is not a reasonable thrust power option for shadowed periods. It's OK

for bus housekeeping. Should assume propulsion off during shadowed periods.
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Table 2-1 presents a summary of mission types reviewed by IISTP, and expected

constraints and applications for solar electric propulsion.

Table 2-1: Potential Applications for Solar Electric Propulsion

Mission Type
LEO station keeping

LEO to GEO or libration point
GEO or libration point station

keeping
Pluto Flyby
Europa or Neptune Orbiter

Mars Sample Return

Kuiper Object Rendezvous
Beyond solar system

HEDS lunar
HEDS Mars/Asteroid

Expected Application/Utility
State of the art. Possible problems with high precision due to shadow
3eriods

Spiral through van Allen belts produces significant radiation dose
State of the art. May not be suitable for close proximity formation flying
Jue to high-velocity jets
3uter solar system requires threshold power-to-weight (described later)
'4ot suited for maneuvers at Jupiter or Neptune but chemical +
aeroassist + gravity assist suffice
Vlay require long life (up to 4 year mission); mission described on later
;harts

'4ot suitable; can't produce thrust at destination for rendezvous
3an reasonably be expected to achieve solar system escape, but transit
:o ~ 200 AU in reasonable time probably not achievable.
Jseful for cargo; not for crew due to long trip time
'4eed high power 5 - 20 MWe. There are significant technology
;hallenges to achieving multi-megawatt solar electric systems, although
3robably less so than for high power nuclear electric systems. Weak
Stability Boundary gateway basing may be appropriate.
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3.0 Issues

3.1 Integration Factors

Area: Useful power levels range from 1 to 2 kWe for station keeping, to 10 to 50 kWe

for robotic planetary missions, to 5 to 20 MWe for human planetary missions. These

power levels are referenced to Earth's distance from the Sun. High-performance solar

arrays produce 300 to 400 watts per square meter. The corresponding areas are 3 to 6

sq m for station keeping, 30 to 150 sq m for robotic missions, and 15,000 to 60,000 sq

m for human missions. These large areas impose packaging and deployment or

assembly problems.

Voltage and Power Distribution: Up to about 25 kWe, conventional solar array voltages

(28 to 160 V.) are practical. The International Space Station uses 160 VDC

distribution for up to about 100 kWe. At 160V, 100 kWe represents 600 amps.

Conductor losses can become severe, or conductors massive, as power, current and

distribution distance increase. At some point it becomes imperative to employ

advanced high-voltage power distribution methods.

Flight Control: Large area structures introduce control issues. Ordinarily, a SEP stage

does not need to be very maneuverable, but the thrust vector must be accurately

directed. Large area structures are likely to have low natural frequencies and a large

number of significant flexible modes. Attitude control stability must be maintained in

the presence of these flexible modes. Electric thrusters need gimbal capability to

maintain thrust through the vehicle center of gravity and provide roll control. Given

the low thrust, the gimbal motion can be slow.

3.2 Ranges of Achievable Mass/Power Performance

Power in the jet is fu/2 where f is thrust in newtons and u is jet velocity in m/s. We

need f/m to be at least a few x 10 -4 for some missions 10 -3. (Note 10 -3 is 30 km/sec per

year.) Then p/m = f/m u/2, and for f/m = 10 -3, p/m is about Isp/200 in watts/kg. If

efficiency of conversion of electric power to thrust is 60%, then p/m electric needs to be

about Isp/120. Isp/200 to Isp/100 is a representative range, for the spacecraft as a whole,

with payload and propellant.

An optimized electric propulsion system tends to be about 1/3 propulsion system,

1/3 bus and payload, and 1/3 propellant. For the power system, one could then quote the

power-to-mass ratio as Isp/60 to Isp/30. This mass split gives a mass ratio 1.5.

Therefore, the rocket equation would specify that Isp should be about 250 times the
mission ideal delta V in km/sec.

Example: Mission ideal delta V 12 km/s, Isp = 3000 sec. Since we assumed power

system = payload mass, by this rule of thumb, at 3000 Isp we want 50 to 100 watts per

kg. (10 to 20 kg/kWe) If the payload is 100 kg, the power is 5 to 10 kWe.
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For mostmissions,the velocity needsto be deliveredin lessthan2 yearsasa
maximum.Multiply 10kg/kWeby 730/132to obtain55kg/kWeasa roughmaximum
acceptablemass/powerratio. Forhumanmissionsto Marsandreturn,onopposition-like
profiles(i.e. fastroundtrips) thecalculatedpowerdurationof 132daysis alreadyabout
aslongaswewouldwishto entertain,sofor thesemissions,themass/powerratioshould
be lessthan10kg/kWe. Onlyvery low power/masssolarelectricsystemsarelikely to
achievelessthan10kg/kWe. Examplesdescribedin thisassessmentarenot thathigh in
performance.

3.3 Selectionoflsp

An optimumIsp occursfor electricpropulsionsystems.If themissiondeltaV is
not dependenton Isp (for example,deltaV for a low-thrustspiralfrom LEO to GEOis
only weaklydependenton Isp), asimpleoptimizationmaybeperformedasindicatedin
Figure3-1. ForplanetarymissionsthedeltaV is usuallystronglydependenton Ispand
thissimpleoptimizationis inaccurate.Theprinciplestill holds.

xAn optimum Isp occurs because if Isp is

too high, powerplant mass dominates; if

too low, propellant mass dominates.
x If mission ideal delta V is not a function of

trip time, a closed- form equation exists:

Example ...
12 km/s delta V in 150 days
30 kg/kWj (jet power;
about 18 kg/kWe)

ML/M 0 = l/la- X[(la- 1)/lalu2/(2T)

where ML/M 0 is payload fraction

t_ is rocket equation mass ratio

x is mass/power in kg/watt of jet power
u is jet velocity in m/s
T is burn time in seconds

If mission ideal delta V is a function of trip

time (the usual case) the optimum Isp must

be found by trajectory analysis, but the

general principle still applies.

Figure 3-1: Optimization of Isp - Simple Example
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3.4 Sensitivities

For the SEP assessment, we considered sensitivity of thruster and power processing

efficiencies. More efficient systems can afford to be more massive while still delivering

equal performance because the higher efficiency delivers more propulsion from the solar

array mass. A representative high-performance system would exhibit mass/power about

15 kg/kWe, For this system the thruster and power processing efficiency/mass trade is

illustrated in Figure 3-2.

Sensitivity curvesare based on an advanced solar electric propulsion
overall electric power/massratio 15 kg/kWe at 65 kWe. Advanced
gap solarcellsare assumed. Break-evensmaintain constant

Item Nominal Masd Power

Bla n ket 3.6 (25)
Bla n ket 2 N/A
Main power 1 98
Power proc. & 4 95
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Figure 3-2: Performance Sensitivities
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4.0 Mission Analyses

Two mission examples were considered: One was solar system escape, and time to

Pluto distance (here taken as 40 AU although Pluto is presently nearer the Sun at about

30 AU). Solar electric propulsion, because it is dependent on the Sun for power, exhibits

reasonably effective trajectory performance for solar system escape, i.e. less than one

revolution about the Sun and attainment of escape energy in about a year, above a certain

power-to-mass ratio, and poor performance, i.e. more than one revolution and many years

to attain escape energy, below that value. The transition is relatively rapid near the

critical power-to-mass ratio as illustrated in Figure 4-1. The charts in the Figure are the

result of numerically integrated but not optimized trajectories. Illustrated performance

can be improved by use of Venus or Earth gravity assist.

The second case considered was Mars Sample Return, which is a round-trip

mission. In the case evaluated, the SEP was assumed launched by an ELV to positive C3

re Earth. Its profile is (1) transit to Mars carrying the lander, (2) capture and spiral down

to a low Mars orbit where it picks up the Mars sample from the Mars ascent vehicle, (3)

transit to Earth, and either (a) releases the sample vehicle for a direct Earth entry, or (b)

spirals down to a low Earth orbit for Shuttle pickup.
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SEP requires a threshold thrust- to- mass ratio to achieve

solar system escape, about 10- 4 g. Below this value,
power drops off too fast with distance from the sun. The
curve to the right shows time to reach C3=0 (re Sun)
beginning at Earth distance. T/M was set at 0.001 N/kg

(approximate T/W 10- 4g) at Isp 3000. At constant power,
as Isp increases the T/W decreases. A 12% increase in Isp

doubles the time to reach escape. Solar system escape
capability is a reasonable test for outer planet mission
feasibility.

A representative SEP system at 65 kWe would have the
following characteristics:
>Efficiency 60%; jet power 39 kW
_lsp 3000 sec; thrust 2.6 N
_Vlass 2600 kg @ Earth escape; Delta- III class _"

>Propellant load 1040 kg (to solar system escape), o
>Spacecraft and payload 1560 kg
If the electric propulsion system has specific mass 15
kg/kWe, its mass is 1000 kg, leaving 560 kg for other

spacecraft bus functions & payload. 15 kg/kWe is in the
achievable range, e.g. with 200 W/kg solar array.

SEP Solar System Escape
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For about the same performance, a solar sail would be 600 m square at 2 g/m 2 (very light,

beyond near- term state of the art). It could use a smaller launcher, Delta II instead of Delta III.

Figure 4-1: Solar System Escape Mission Performance

A Mars sample return mission description was contrived as summarized below for

purposes of SEP performance analysis and comparison to chemical propulsion. No

representation is made that this Mars sample return example is a recommended mission.

Payload carrier bus

• Carries Mars samples, includes ample protection provisions

• Performs rendezvous and docking with SEP interplanetary bus after ascent from

Mars to low circular orbit

• Assumed 100 kg for 2 to 5 kg sample payload

Mars ascent

• 2-stage solid or Mars surface storable propellants.

• Solid Isp assumed 290, propellant fraction 0.9

• Equivalent liquid Isp 325, propellant fraction 0.836

• Did not assume Mars surface propellant production, but should be evaluated.

• Ascent vehicle gross mass ~ 900 kg including payload carrier bus.

• Lander
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• Assumed to carry 200-kg rover (or 2 - 100 kg rovers) plus ascent vehicle

• Assumed to use entry aeroshell plus parachute plus terminal descent propulsion.

• Assumed aeroshell 12%, landing propulsion 11%, parachute 15%, and structure &

bus 28%, respectively, for lander inerts as fraction of total landing weight.

• Total landed payload 1100 kg; estimated entry weight 2500 kg.

The basis for the SEP analysis was delivery to Mars, 2500 kg, return to low

Earth from Mars, 100 kg.

Figure 4-2 presents a summary of the estimated mission performance. Delta Vs

were not obtained from specific trajectory analyses but from generic characteristics of

these trajectory types. The initial mass is within the capabilities of existing ELVs. The

profile feature of a spiral down to low Earth orbit is attractive from the point of view of

planetary back-contamination.

We assume 1000- kg SEP as before, with Isp 3000 and jet power 39 kW.
Thrust 2.65 N mass flow 9 x 10-5 kg/s
We assume launch to C3=10 - 15 km2/sec 2
Propellant tanks are assumed 10% of propellant capacity. One tank is used for Earth spiral- in
and a second tank for all prior maneuvers.
We assume the SEP delivers half power (half propellant flow) in Mars vicinity.

Maneuver Delta V Mass Propellant Burn time End mass Start mass
km/s ratio required (days)

Mars arrive 5 1.185 1008 220 5442 6450
Mars spiral- in 3.5 1.126 330 85 2612 2942
Mars spiral- out 3.5 1.126 304 78 2408 2712
Mars- Earth 10 1.405 694 116 1714 2408
Earth spiral- in 7 1.269 304 39 1130 1434

The lander separates at the end of the Mars arrive maneuver. The propellant tank for the last
maneuver weighs 30 kg; the propellant tank for the remainder of maneuvers weighs 234 kg.
Total burn time is 538 days (12,912 hours). In view of the long burn for Mars arrive, the Earth-
Mars trajectory probably needs to be type 2.

Figure 4-2: Mars Sample Return SEP Performance Estimate

A comparable chemical mission performance estimate is as follows:

Launch to Mars transfer as for SEP.

Mars Arrival: assume C3 = 15; capture into 500 km circular orbit.

Mars Departure: C3 = 15; Earth arrival C3 = 20.
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• Eartharrival: Considerdirectentry(notcomparable)andcaptureinto low Earth
orbit. Fordirectentryassumereturnpayload200kg.

• Marslanderis sameasfor SEP.Notethatchemicalmissionmustdispatchthelander
atMarsapproachC3=15ratherthanC3~0asfor theSEPcase.

• Assumeascentstagesamesowedon'thaveto rerunascentanalysis.
• AssumeIsp 370& propellantfraction0.82for spacepropulsionstages(rough

estimatefor LOX-methane).
• Returnmission:DV TEl = 2.77km/s massratio2.14W = 2.87 Busmass200kg
• Returnvehicleloadedmass= 2.87*(200+ 200)= 1148kg
• MarscapturedeltaV = 2.77km/s
• Capturedmass= Returnvehicle= 1148kg
• Begincapturemass= 3295kg
• Landerdelivered= 2500kgasbefore;totallaunchmass= 5795kgto C3= 15.
• If captureto LEOfor quarantine(asassumedfor SEP),DV = 4.04km/s;massratio

3.04;W = 5.5. Returnvehicleis then6320kg andtotalEarthlaunchis20,637kg.
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5.0 Technology

Thrusters: Thruster characteristics to enhance system performance are as follows:

• Efficiency ... Directly affects jet power-to-mass ratio; target > 60%

• Long life ... SEP missions may require a year or more of operation

• Reliability... For mission success, need to reliably deliver long life

• and performance

• Benign failure ... Should not take down the rest of the system on failure; defeats

redundancy of thruster clusters.

• Low mass ... Target is on the order of 2 kg/kWe

• Simplicity ... Not requiring elaborate power processing/conditioning

• Cost ... Should not exceed "pricey" space hardware ~ $10,O00/lb

• Propellant ... Should be available at reasonable cost; permit efficient

• tankage/storage; not require exotic delivery systems.

There are numerous thruster technologies. While this independent assessment did

not spend much time on thrusters, brief observations are in order.

Resistojets and arcjets have been used commercially. Both use thermal heating of

propellant and thermodynamic expansion through a nozzle. Isp available from these

types is too low for planetary mission applications (Isp up to 600 seconds in the

commercial versions, which use hydrazine; arcjets could probably reach about 1500

seconds with hydrogen).

Hall thrusters use the Hall effect with a current flowing in an ionized plasma to

create an electric field which accelerates ions. Commercial versions have achieved Isps

about 2000 seconds at power levels of a few kWe. This Isp is about ideal for operations

in Earth orbit and Earth vicinity, but too low for planetary missions. Hall thrusters

exhibit efficiencies in the low to mid 50s. Future developments may improve this.

Current Hall thruster technology is limited in power to 10 kWe or so. Discussions during

IISTP Phase I indicated that Hall thruster power up to about 100 kWe may be feasible,

but that attaining significantly higher Isp is not expected.
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Ion thrusters Use electron optics (a series of grids, usually 2 or 3) to accelerate

positive ions created in an ionization chamber. Electrons are emitted by a separate

electron gun, usually called a neutralizer, so that the net beam is charge neutral. Current

ion thrusters, commercial and government-sponsored, have Isp in the range 3000 to 4000

seconds at power levels slightly less than 5 kWe. The next logical development step is a

10 kWe ion thruster with maximum Isp somewhat greater. Ion thrusters exhibit

efficiency exceeding 60%. Building ion thrusters with power capacity greater than a few

tens of kW is expected to prove very difficult.

Several other thruster types are in an earlier stage of technology development.

Experimental magnetoplasmadynamic (MPD) thrusters have used noble gases and

lithium as propellant. Power levels are multi-hundred-kW and up. A wide range of Isp,

2000 to 10,000 seconds, has been discussed. Experimental efficiencies are lower than ion

or Hall thrusters, with the lithium devices presently doing somewhat better than the gas

thrusters. Continuing research is directed, in part, to increasing efficiency. A pulsed

inductive thruster (PIT) was developed and tested several years ago by TRW. It uses a

high-intensity electrical pulse through a spiral-wound magnet to ionize and accelerate a

pulse of gas propellant. Efficiencies in the 50% range were measured. At high pulse

rates this device would exhibit high power. The variable specific impulse magnetic

rocket (VaSIMR) ionizes hydrogen, traps it and heats it (by microwaves) in a magnetic

bottle, and through controlled leakage, permits the hot hydrogen to expand through a

magnetic nozzle. This device is under development at JSC. It can produce variable

specific impulse because the hydrogen heater is independent of the ionizer. In view of

the complexity of the device and multiple opportunities for losses (ionizer, heater,

leakage of neutrals and ions, and nozzle losses), in this reviewer's opinion, it is likely to

suffer from low efficiency. If this thruster works, it will be capable of high power.

Ion thrusters are presently favored for robotic planetary mission electric propulsion

(either solar or nuclear) because of their maturity, Isp range, and efficiency. Because of

their power limits, large numbers would have to be clustered for use on multi-megawatt

spacecraft. If one or more of the high-power-capable thrusters reaches a greater level of

maturity and efficiency, it will probably be preferred for multi-megawatt applications.

Solar Arrays: Current solar arrays are mostly silicon at about 14% efficiency, some

gallium arsenide at about 18%. New multiple-band-gap technology is now becoming

commercially available, at about 28% efficiency (25C AM0). A comparison is shown in

Figure 5-1. The performance in watts/kg is for a bare blanket; a complete array (with

additional structure, mechanisms and wiring) will probably be, for example, about 220

W/kg where the bare blanket is about 280.

There are a number of alternative array technologies that may exceed this

performance. Trough concentrators are now used on commercial communications
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satellites. Otherconcentratorconfigurationshavebeentested.Variousthin-film solar
cell typescouldprovidehigh performanceif the substratesand coverglassesare light
enough.

Power Processing and Distribution: Solar cells generate from one to about 2.5

volts per cell. Series strings are used to raise the voltage to 28 to 160 volts. While higher

voltages could be generated, conduction paths and charging effects in low Earth orbit

limit the utility of higher voltages. If the system need never operate in a plasma

environment such as low Earth orbit, higher voltages could be used. However, thrusters

may need voltages up to thousands, and also need control of the power supplied to them.

Array output voltage is affected by operating temperature and other effects such that the

fluctuation in array output voltage may be as much as 2:1. Therefore, power processing

is generally necessary.
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Solar Electric Power State of the Art
Array power/mass performance can be about doubled by slight decreases in
materials thicknesses and major increase in solar cell efficiency. Currently
available Spectrolab cells are quoted at 26% efficiency and 0.8 kg/m 2
Can use 160- V arrays as for space station.
Power processors can get below estimated 5 kg/kWe at 10 kWe and above, by
going to aircraft standard frequencies (440 Hz) or above. That's 50 kg for a 10
kWe processor.

Space StationArray Technoloqy AdvancedArray Technoloqy

[

Ite_m Thick mil Density_z Ite_m Thick mil Density_z
Coverglass 5 3 0.375 Coverglass 4 3 0.3
Cell 8 2.7 0.54 Cell 4 5 0.5
Substrate 10 1.6 0.444* Substrate 8 1.6 0.34*
Adhesives,etc. 1 1.6 0.04 Adhesives,etc. 1 1.6 0.04
Conductors 0.1 8 0.02 Conductors 0.1 8 0.02

1.419 1.20

At assumedefficiency13%,power/mass= 123w/kg

* Arrayareaefficiency90%

Attargetefficiency25%,power/mass=279w/kg

* Arrayareaefficiency95%

Figure 5-1: Illustration of Solar Array Performance

Power processors usually convert dc electricity to ac, use transformers to increase

or decrease ac voltage, and then rectify the output at the desired voltage. Alternatively,

switching and capacitor ladders can be used to increase dc voltage. Power processing

may be a significant part of propulsion system mass. An important factor is how

complex the power processing task is to provide the power and power control needed by

the thrusters. Low-power systems (few kW) may exceed 10 kg/kWe. Projections at

higher power are in the range 1 to 2 kg/kWe.

Design Strategies: Design strategies for achieving high power-to-mass ratio are

presented in Figure 5-2. Values for thrusters and power processing in the figure may be

pessimistic, depending on technology choice and power level. Achieving high power-to-

mass performance is very challenging since mundane factors such as structures, array

deployment, launch loads support, and thruster gimbaling mechanisms can add up to

severely penalize overall system performance. Achieving high performance from array,
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powerprocessingandthrustertechnologiesis onlyhalf thebattle,andthebattleis likely
tobe lostontheotherhalf.

Designstrategiesfor highpowermaybesummarizedasfollows:
• Multiplearraywingsand/orpanels,like SpaceStation
• Distributedpowerprocessingwith conversionto high-voltage3-phaseAC at many

pointsonthearrayandconversionto thrusterpoweratthethrusterlocation
• Forexample,eachprocessormightbe50kWe,i.e.20processorspermegawatt.

• Multiple redundantparallelsystems,for examplea 10-megawattSEPmightbe an
assemblyof 10,1-megawattsystems.

• Highpowerthrusters,100kWeto 1MWe(butefficiencyis still important!)
• Assemblyin space,at SpaceStationor othershuttle-compatibleorbit, or robotic

assemblyat ahigh-energylocationsuchasalibrationpointgateway.
• Boostto ~600kmby alow-thrustchemicaltugto getoutof highdragarea
• High-powerSEP(suchasfor Marstransportation)basedathigh-energylocationsuch

asEML2,servicedfromLEOby chemicalpropulsionvehicles.

• High-efficiency multiple-band-
c e IIs

Representative powe_
to-mass b re a kout

• Higher array voltage asfor,._ace
Station

• High performance power

• High efficiency thrusters

• Lightweight structuresand
components

• Find a way to design solar array

Ite m k# IkWe

Blan ke t 3 6

iBlan ke t _ p po _1
epIoy 2

iMain power
co nd u ctors 1
PPUI c o ntro I 4

sup p o rt a nd d e p Ioy m e n t st ruc tu re i_rusters 4

that itdoesnotcarrylaunch loads PropellantDeliv
(for example, provide an auxiliary
structure aspart of the SEPand
payload

e_ em 04
Tota I 15 0

Note: Propellant tanks

separately accounted

Figure 5-2: Design Strategies for Power-to-Mass
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6.0 CostConsiderations

TheSEPunit costneedsto beno morethansavingsfor eliminating,or reducing
sizeof, a launchvehicle. Therefore,ourhypothetical65kWeSEPshouldbe in the$100
million range.

Solararray@$1000/watt $65million
PPUs@$5000/kg& 4kg/kWe $1.3million
Thrusters@ $20,000/kg& 4kg/kWe $5.2million
Total $71.5million
(Targetsrepresentativeof commercialspacehardware.)

• Leavesabout$30million for integrationcost.
• Developmentcostis typically5 x first unit cost;suggestsatarget< $400million.
• All, of course,aftertechnologyhasbeenadvancedto TechnologyReadinessLevel

(TRL)6.
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7.0 Strategiesfor TechnologyAdvancementandMissionReadiness

• Solarcelltechnologyappearsto "bethere". Minor improvements,lightweighting,
deploymentfor largersystems,mightbesought.

• Doasystemsdesignstudyto confirmachievabilityof usefulperformanceandcost
targets,andobtainsensitivitydatasimilarto slide6. If OK, continue.

• Select~ 3thrustertechnologiesbasedonestimatedpower-to-massandefficiency.
Otherscontinueresearchstatus

• Developprototypepowerprocessorsfor eachthrustertype.
• Bringthrustersandprocessorsto TRL 6
• Buildandfly a 10-kWe(or thereabouts)flight testbed(thiswouldbenext-generation

technologybeyondDeepSpace1).
• Builda25to 65-kWe(or thereabouts)leadcustomerSEPvehicleandfly it onareal

mission.
• Instigateground-testresearchinto30AC 400Hz (orselectedfrequency)distributed

DC-ACconvertersandpowercollectionnetworksfor multi-megawattSEPsystems.

8.0 Conclusions

• SEPhasdesirableperformancepotentialfor severalmissions.
• Solarcelltechnologyis "in thetargetrange".
• Technologyeffortsneededto bringthrustersandpowerprocessorsto TRL 6 at

desiredpowerlevelsandoperatinglife.
• Reasonabledesignstrategiesexistfor highpower/massandhighpowersystems.
• Major effortsrequiredonlightweightingatcomponentandsystemsleveltoreach

target15kg/kWeorbetter.
• SEPcostrangesarechallengingbutnotoutsidespacehardwareexperience.
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Appendix F Cost Analysis Report
Mahmoud Naderi MSFC

Robert Sefcik GRC

Sharon Czarnecki (SAIC)

Gordon Woodcock (Gray Research)

Introduction and Purpose

Cost analyses were performed for missions and technologies to support overall IISTP analysis
and scoring. The cost analyses covered only DDTE, hardware acquisition, and launch costs,
which were assessed based on current published commercial launch vehicle cost data. Other cost
categories considered by IISTP were technology advancement cost and mission operations cost.
Operations cost as accounted by IISTP included launch costs, for which we obtained estimates.

Methods

DDT&E and hardware acquisition (unit) costs were estimated using NAFCOM, which is a NASA
mass-based parametric (cost estimating relationships) method. NAFCOM has a broad data base
of many spacecraft and space vehicles, which can be selectively applied. In this cost analysis,
historic spacecraft of similar complexity were used.

We observed that the data base contained two classes of planetary spacecraft of comparable
complexity, (1) most of the data base, traditional designs such as Viking and Voyager, and (2) a
few spacecraft that represented the "faster, better, cheaper" approach to program management,
such as Pathfinder. We chose to bias our selection of spacecraft data base to the traditional cases
since it was our understanding that the agency is currently returning to that approach. This
caused our estimates to be higher than would be the case if we biased towards the latter sample.

NAFCOM required that we provide estimates of spacecraft mass according to major subsystem.
For some of the missions considered, we did not have that information. Therefore, we

constructed a representative breakout from the data base and used those percentages to allocate
the total mass estimate among subsystems for purposes of the cost estimates.

For the solar electric and nuclear propulsion systems, Bob Sefcik of the Glenn Research Center
(GRC) developed and provided the estimates, since NAFCOM has no historical data base for
these systems and GRC has applicable experience in systems and technology development.

Missions/Technologies Analyzed

Most of the analysis was concentrated on the Neptune Orbiter since that was the first mission
analyzed and scored. NAFCOM runs were made for seven technologies: state-of-the-art
chemical, state-of-the-art chemical with aerocapture, advanced chemical, solar electric propulsion
(SEP) ion, nuclear electric propulsion (NEP) ion, solar sails, and nuclear thermal propulsion

(NTP).
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Summaryof Results

Tworesultsarepresentedhere:TheCostTeamestimatesfortheNeptuneOrbitermission,and
JPLTeamX estimatesfortheTitanExplorermission.Certainthingswereunclearaboutthe
TeamX estimates:(1)nocostsforaerobrakecouldbefoundintheirdetailedestimatesheets,so
theCostTeamestimatesfortheNeptuneOrbiteraerobrakewereaddedtotheTeamX estimates
foradegreeof consistency;(2)it wasnotcleartowhatdegreetheTeamX estimatescovered
DDT&Eforin-spacepropulsionsystems.Comparingtheestimates,it issuspectedthattheTeam
X estimatescoveronlypurchase(unit)costsforthesesystems.

Neptune Orbiter
SOA Chem/A Adv NTP/AC NEP Solar SEP/AC

Chem C Chem ion/AC Sail/AC

DDT&E

Main Propulsior 156 152 152 737 537 217 114

Arrival Propulsk 57 75
Aerobrake 47 47 0 47 47

Unit

Main Propulsior 42 42 42 42 246 73 89

Arrival Propulsi( 19 24
Aerobrake 10 10 0 10 10

Mission Ops TBD
Launch 172 172 172 111 111 122 172

Total

Main Propulsior 198 194 194 779 784 290 203

Arrival Propulsi( 76 98
Aerobrake 57 57 0 57 57

Launch 172 172 172 111 111 122 105

TotalCost, Millions
1000

Neptune Orbiter Propulsion Cost

8OO

6OO

4OO

2OO

0
1 2 3 4 5 6 7

reMain Propulsion mArrival Propulsion DAerobrake []Launch
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Neither of the estimates as presented here cover mission operations costs. Team X

provided mission operations costs in their estimates, but it does not appear that any

unique costs which might be attributed to the technical characteristics of the propulsion

systems were identified. Perhaps such unique costs would be too small to be significant.

The Cost Team did not estimate mission operations costs.

5OO

4OO

3OO

2OO

IO0

0

Titan Explorer Prop. Cost (JPL Team X)

1 2 3 4 5 6 7 8

[] Main Propulsion [] Arrival Propulsion [] Aerobrake [] Launch
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The Cost Team estimates showed nuclear propulsion systems to be considerably more

costly than the other systems. Most of this was in the development cost for these

systems. The costs are presented as if the Neptune Orbiter program would fund the entire

development of the nuclear systems. For major new technology developments this is not

realistic. A technology advancement and development program would bring the system

to first flight status and the first mission user would pay only the unit cost for the

propulsion unit used on the mission. Evaluated in this way, our estimate for nuclear

thermal propulsion was not markedly greater than for chemical propulsion; nuclear

electric propulsion was still higher in cost than the other systems. Nuclear propulsion

costs may not be complete; the NASA estimates may not include reactor costs. The

reactors would be developed and produced by the Department of Energy.

It is important to note that while the chemical propulsion systems were competitive in

cost they were not competitive in trip time. The chemical/aerobraking option had

acceptable trip time.

Costing Ground Rules and Assumptions and Estimator's Notes - Details
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General Ground rules

• NASA/Air Force Cost Model (NAFCOM99) was utilized as the primary tool to

develop cost estimates for all stages including the propulsion technologies.

• Other costing tools which may provide a better estimate for any specific technology

will be used in conjunction with NAFCOM.

• NAFCOM estimates are comprised of Phase C/D costs only.

• Estimates generated for mission concepts include a s/c bus, applicable propulsion

technologies, a launch vehicle and propellant.

• Contingency, Program Support and Fee are included in the estimates and are 30%,

15% and 10% respectively.

• Estimates are in Fiscal Year 2001 Dollars (Millions).

• Mass is displayed in kilograms.

• A prototype development approach is assumed for all estimates.

Systems Test Hardware (STH) quantities used in the model were agreed upon by the

Systems Team and are applied to all estimates:
o STH Qty of 0.25 will be used for all hardware with modular design.
o STH Qty of 0.5 will be used for all systems using dual identical hardware.
O STH Qty of 1.0 is used for all other hardware.

• Launch vehicle costs were extracted from AIAA/Isakowitz, 3 rd edition (published

December 1999) and throughput into the estimates.

• Launch vehicle modification cost estimates are a percentage of the launch vehicle
cost.

• Propellant costs are extracted from Standard Prices for Missile Fuels Management

Category Item (CMAL NO 00-6) dated 9 August 2000.

Masses for each concept were obtained by GW from the Systems Team except where

specifically noted in ground rules of specific concepts. This includes masses for those

propulsion technologies estimated by GRC.
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Acronyms

AC - Aerocapture

ADCS - Automated data and communications system

BOL - Beginning of life

DCIU - Digital control interface unit

DOE - Department of Energy

FH - Flight hardware
FU - First unit

GRC - Glenn Research Center (formerly Lewis Research Center)

IISTA - In-space Integrated Space Transportation Activity

IISTP - In-space Integrated Space Transportation Planning

Isp - Specific impulse

JPL - Jet Propulsion Laboratory

LH2 - Liquid hydrogen

LO2 - Liquid oxygen

MPD - Magnetoplasmadynamic (MPD) thruster

MSFC - Marshall Space Flight Center

NAFCOM - The cost model, stands for NASA/Air Force Cost Model

NEP - Nuclear electric propulsion

NTP - Nuclear thermal propulsion

PPU - Power processing unit (power conditioning system)

PMAD - Power management and distribution subsystem (PPU is part of the PMAD if

not broken out separately)

RTG - Radioisotope thermoelectric generator

SEP - Solar electric propulsion
S/M - Structures and mechanisms

SOA - State of the art

STH - Systems test hardware

TCS - Thermal control system

TNC - Trans-Neptune capture

VaSIMR - Variable specific impulse magnetoplasma rocket

WAG - Rough guess

Initials

GW - Gordon Woodcock (Systems and Cost Teams)

SHC - Sharon Czarnecki (Estimator)

Note: Acronyms not listed are probably spacecraft or space vehicle names.
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Launch Vehicles

The following assumptions were concerning Launch Vehicles that will be used for the

following missions:

Mission Launch Vehicles Comments

Neptune Orbiter Solar Sail w/ Atlas V 550 From IISTP Systems Analysis

a.C Team Neptune Orbiter Mission

Package, 3/26/01, Larry Kos

Neptune Orbiter Baseline (SEP Delta IV Heavy Direction from Systems Team

[on with AC) (GW)

Neptune Orbiter Advanced Delta IV Heavy From IISTP Systems Analysis

_hemical Team Neptune Orbiter Mission

Package, 3/26/01, Larry Kos

Neptune Orbiter State of the Arl Delta IV Heavy From IISTP Systems Analysis

ISOA) Chemical with Team Neptune Orbiter Mission

a.erocapture Package, 3/26/01, Larry Kos

Neptune Orbiter State of the Arl Delta IV Heavy From IISTP Systems Analysis

ISOA) Chemical Team Neptune Orbiter Mission

Package, 3/26/01, Larry Kos

Neptune Orbiter NEP Ion with Atlas 530 From IISTP Systems Analysis

a.erocapture Team Neptune Orbiter Mission

Package, 3/26/01, Larry Kos

Neptune Orbiter NEP VaSIMR Delta IV M+ From IISTP Systems Analysis

_¢ith AC Team Neptune Orbiter Mission

Package, 3/26/01, Larry Kos

Neptune Orbiter NEP MPD Assumed Atlas 530 WAG
_¢ith AC
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Ground rules for the Neptune Orbiter S/C Bus

Software was added due to less-than-current amount of software in historic missions

Mass statements were only available at the total level; therefore mass was broken out into

the subsystem level by allocating according to subsystems of analogous systems (Galileo

Orbiter, Mars Global Surveyor, Mars Observer and NEAR).

STH Quantifies are 1.0 for all subsystems

Complexities and Inheritance factors were reviewed and agreed upon or provided by

Systems Analysis Team Rep. They are:

D&D and Unit Complexities: 1.0 for all subsystems (at this point the design is not

fleshed out enough for anyone to make a judgment call on D&D or Unit Complexity)
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Inheritance Factors (see table below).

|nheritance Factors

Inheritance

Subsystems Factors Rationale

_tructures/Mechanisms 1.0 New structure & analogous systems are New structure
FCS 0.6 Assume 25% new design. Eng. assumption is that there is

significantly more heritage in the thermal subsystem than
analogous missions. Existing components but new configuration.

_lectrical Power Subsystem 1.0

_ower

)istribution/Regulation/Contr
)1 Subsystem

)ata Management

2ommunication

0.5

0.5

0.7

Radio isotopes are new design and "new generation of generators".
Heredity of analogies are discussed below. Galileo Orbiter: New
design RTGs (113-0296 pg 3). Mariner 10 & Mariner 6: solar
arrays/batteries - reasonably high heredity. NEAR: 4 solar arrays,
1 NiCd battery - assume high heredity was low cost and flew in 96
so solar arrays around for a long time at that point. Pioneer 10 -
RTGs some inheritance from earlier Pioneer s/c. Viking Orbiter -
solar panels, NiCd. Voyager - RTGs, NiCd supposedly used
existing DOE hardware RTGs but high DDT&E to FU ratio so
suspect low heredity. Vast majority of the cost is low heredity so I
left Inheritance factor at a 1.0.

Assumed 25% new design. Analogy heredity appears to follow
that discussed in the Electrical Power Subsystem. Galileo Orbiter:
New design (113-0296 pg 3). Mariner 10 & Mariner 6:
reasonably high heredity based on other Mariner missions. NEAR
- probably high heredity. Pioneer- 10 little heredity based on other
Pioneer missions but probably not much (based on high DDT&E

to FU ratio). Voyager and Viking appears to have very little
heredity (high per lb. cost, high DDT&E to FU ratio).

Assumed 25% new design. Analogies heredity: most likely Mars
Global Surveyor and NEAR have high heredity; Galileo Orbiter,
Mars Observer, Pioneer-10 and Viking Orbiter do not. Vast
difference in the lowest and highest datapoints (might want to
consider eliminating them). Due to the very high DDT&E cost of
Viking Orbiter and the probability that that must have been new
design, a lower Inheritance factor is considered appropriate.

Assumed 25% new design. Majority of the cost is made up of
assumed new design (or significant new design) hardware.
Therefore, a lower Inheritance factor was deemed appropriate.
some new design - will need a new antenna as the antenna for

Galileo Orbiter did not work!).

_DCS 0.7 Assumed 25% new design. Majority of the cost is made up of
assumed new design (or significant new design) hardware.
Therefore, a lower Inheritance factor was deemed appropriate.
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System analogies were reviewed and agreed upon or provided by Systems Analysis Team

Rep. They are:

Analogies
Analogous

Subsystems Missions Rationale

Structures/Mechanisms Outer Planetary Deemed most representative of subsystem (provided

Structure/Mechani by GW)

:al Group

FCS Outer Planetary Deemed most representative of subsystem (provided

TCS by GW)

Electrical Power

gubsystem

Power

Distribution/Regulation/

2ontrol Subsystem

Data Management

2ommunication

_DCS

Outer Planetary

Components/Subsy
stems.

Outer Planetary

Components/Subsy
stems.

Outer Planetary

Data Management

subsystems

Outer Planetary

Data Management

subsystems

Outer Planetary

Data Management

subsystems

Components were chosen because the EPS did not

include the anything from the Galileo Orbiter.

Selecting "Components" enabled selection of
Generator from the Galileo Orbiter. The Pioneer 10

and the Galileo Orbiter had radioisotope. (selected

by SHC)

Components were chosen because the Power

Dist/Reg/Ctrl Subsystem did not include anything

from the Galileo Orbiter. Selecting "Components"

enabled selection of the 3 components that comprise

the Power Dist... Galileo Orbiter. (selected by

SHC)

Deemed most representative of subsystem (provided

by GW)

Deemed most representative of subsystem (provided

by GW)

Deemed most representative of subsystem (provided

by GW)
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Ground rules for the Aerocapture

STH quantifies are 1.0 for both subsystems.

Complexities and Inheritance factors were reviewed and agreed upon or provided by

Systems Analysis Team Rep. They are:

D&D and Unit Complexities: 1.0 for all subsystems (at this point the design is not

fleshed out enough for anyone to make a judgment call on D&D or Unit Complexity)

Inheritance Factors (see table below).

[nheritance Factors

Inheritance

Subsystems Factors Rationale

0.82hem Propulsion

Reaction Control)

_erocapture 1.0

Assume some inheritance sense not that different from

existing RCS systems (provided by GW)

Assume new design (GW). Therefore, Inh factor of

1.0, as Galileo Probe struc also new design. (SHC)
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Systemanalogieswerereviewedandagreeduponorprovidedby SystemsAnalysisTeam
Rep. Theyare:

Analogies

Subsystems
2hem Propulsion

Reaction Control)

_erocapture

Analogous
Missions

Outer Planetary,

Reaction Control,

monopropellant
filter.

Galileo Probe

Structure

Rationale

Chosen by SHC

The Galileo Probe aeroshell was recommended as

an analogy by GW. The aeroshell is not in the
NAFCOM database; therefore, the Struc/Mech

subsystem was used as an analogy. NAFCOM

description for the Galileo Probe follows: "The
Galileo Probe Deceleration Structure is made of

aluminum. The main structural member, the

aeroshell consists of the payload support ring, a saft

box section ring, three longerons connecting the two

rings, and the think skin sections. The Module

consists of the heat shield, the structure that

supports the heat shield, and the parachute

subsystem." According to GW, the Neptune Orb

Aerocapture will be the Gal. Probe aeroshell plus
the heat shield. This must withstand more than

other existing heat shields therefore more complex..
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Ground rules for SEP Ion

The entire SEP estimate was provided by Bob Sefcik, GRC. All complexity factors,

inheritance factors and analogies were chosen by him and included in the estimate he

provided.

Per GW, Xenon propellant would be used (used 5.67 kg. per 1000 liters as a conversion

factor. 638 kg. of propellant required.).

_)NHA

Subsystem QNHA Rationale

rhrusters/Gimbals 4 Assumes four thruster/gimbal sets.

PPUs 4 Assumes four PPUs, two for use and two backup.

DCIU 1.0

Fanks & Feed System 1.0
gtructure 1.0

Batteries 1.0

Ultraflex Solar Array 4.0 Assume four 6 KW BOL Ultraflex arrays.

STH Qtys are provided below:

_TH Qt v

STH Quantities

Subsystem
Fhrusters/Gimbals 0.25

PPUs 0.25

DCIU 1.0

Fanks & Feed System 1.0
gtructure 1.0

Batteries 0.25

Ultraflex Solar Array 0.25

Inheritance Factors for all of the SEP subsystems are 1.0.
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D&D andUnit complexitiesaredescribedbelow:

D&D and Unit Complexities

Subsystem
Fhrusters/Gimbals

D&D

Complexity

2.5

Unit

Complexity

2.5

Rationale

Complexity factors were derived to allow for
the use of current NAFCOM data for

advanced thrusters. The proposed thrusters at

3800 sec Isp require technology development

to meet the technology cutoff date of 2005.

Recent GRC technology estimates were
$4.4M R&D and ~$8.3M full cost.

PPUs 1.0 1.0

DCIU 1.0 1.0

Fanks & Feed System 1.0 1.0
gtructure 1.0 1.0

Batteries 1.0 1.0

Ultraflex Solar Array 5.0 2.0 DDT&E and FH hardware complexity

adjustments required to estimate the impact of

designing and building lower weight systems

while using a weight-based model.

Analogies follow (no rationale for the choice of analogies was provided):

Analogies
gubsystem Analogies

Fhrusters/Gimbals GRO Thruster, Lunar Prospector Thruster

PPUs Avionics from HETE, Lewis, STEP3, TOMSEP

DCIU Avionics from HETE, Lewis, STEP3, TOMSEP

Fanks & Feed Reaction Control Subsystem from Lewis, Lunar Prospector, Mars Global

gystem Surveyor, Mars Pathfinder, NEAR, TOMSEP

gtructure Mars Global Surveyor Structures Subsystem; Mars Pathfinder Cruise

Stage Structure

Batteries Mars Pathfinder Battery

Ultraflex Solar Array Mars Pathfinder Solar Array
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Ground rules for NEP Ion

The entire NEP estimate was provided by Bob Sefcik, GRC. All complexity factors,

inheritance factors and analogies were chosen by him and included in the estimate he

provided. His note at the beginning of his estimate: "Nuclear Electric Propulsion (NEP)

Stage estimate prepared by Bob Sefcik, GRC, using NAFCOM analogies adjusted where

needed for advanced technologies. Some throughputs were used where estimating by

technical parameters provided a better estimate than estimating by weight."

Didn't know what to use so I assumed same Xenon propellant as used for SEP(used 5.67

kg. per 1000 liters as a conversion factor. 638 kg. of propellant required.).

Bob Sefcik made several references to mass in his notes. These follow:

Thrusters/Gimbals: Used Steve Oleson, GRC, mass estimate of 16.5kg/thruster.

PPUs: PPU was excluded from data provided from MSFC. Added in by Bob Sefcik at a

mass of 31.2kg/PPU per Steve Oleson estimate from GRC.

Structure: Structure mass at 10% of total stage = 3592 *. 1 = 359 kg

_)NHA

Subsystem QNHA Rationale

rhrusters/Gimbals 20 The quantity of twenty was modeled although not deemed to

be needed for 100 KWe operation unless the stage was to be
reusable.

PPUs 10

ranks & Feed System 1.0
gtructure 1.0

Reactor 1.0 100 KWe SP-100 type

Power Conversion 4.0 4 -25 KWe Brayton

PMAD 4.0 Assumed to be 4 power electronics modules.

Heat Rejection 4.0 Assumed to be 4 modular units.

Heat Exchanger 2.0 Need to check if other heat transport components are needed.
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STHQtysareprovidedbelow:

STHQtv

Subsystem QNHA Rationale

Fhrusters/Gimbals 0.2 STH quantity set at .2 vs..25 to arrive at four units for

testing with two PPUs.

PPUs 0.2 STH quantity set at .2 vs..25 to arrive at two full units.

Fanks & Feed System 1

gtructure 1

Reactor 1

Power Conversion 1

PMAD 0.25

Heat Rej ection 1

Heat Exchanger 1

Inheritance Factors for all of the SEP subsystems are 1.0.

D&D and Unit complexities are described below:

D&D and Unit Complexities
D&D

Subsystem Complexity

Unit

Complexity

Fhrusters/Gimbals 2.5 2.5

PPUs 1.0 1.0

Fanks & Feed System 1.0 1.0

gtructure 1.0 1.0

Reactor

PMAD 1.0 0.5

Power Conversion

Heat Rejection

Heat Exchanger

Rationale
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Analogiesfollow (norationalefor thechoiceof analogieswasprovided):

Analogies
gubsystem Analogies

Fhrusters/Gimbals GRO Thruster, Lunar Prospector Thruster

PPUs Avionics from HETE, Lewis, STEP3, TOMSEP

Fanks & Feed Reaction Control Subsystem from GRO, NEAR

System

Structure CRESS Structure; GRO Secondary Structure; TOPEX Structure, Module

Support

Reactor Throughput equation

PMAD Power Distribution/Regulation/Control Subsystem for Lunar Prospector,
Mars Pathfinder, NEAR

Power Conversion Throughput equation

Heat Rejection Throughput equation

Heat Exchanger Throughput equation
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Ground rules for SOA Chemical

Mass statements were provided at the component level by GW.

STH Quantifies are 1.0 for all subsystems

FIRST STAGE (Trans Neptune Insertion TNI LOX/LH2 Stage)

Complexities and Inheritance factors provided by GW with one exception. They are:

D&D and Unit Complexities: 1.0 for all subsystems (at this point the design is not

fleshed out enough for anyone to make a judgment call on D&D or Unit Complexity).

However, the Pressurization System has D&D and Unit complexities of 0.5 to

compensate for the use of a manned analogy. (SHC)

Inheritance Factors (see table below).

inheritance Factors

Inheritance

Subsystems Factors Rationale

RL- 10B-2 Throughput cost of RL- 10A-3-1 from NAFCOM
Fwd skirt 1.0

Fhr str/AS 0.5

Finks 0.3 Assume buy off-the-shelf and modify slightly (appx

20% new design). Standard tanks (not composite

tanks) per GW
Fank Insulation 1.0

[ntertank 1.0

a,vionics 1.0

Pressurization System 0.5 All complexities set at 0.5 because of the use of the
older data set (manned analogy from Apollo LM)

Feed 0.5
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Analogieswereselectedby SHCandareprovidedbelow:

Subsystems
RL-10B-2

Fwd skirt

rhr str/AS

Fanks

Fank Insulation

[ntertank

a,vionics

Pressurization System

Feed

Analogies

Galileo Orbiter, Structure; Mars

Global Surveyor Structures

Subsystem; Mars Pathfinder

Cruise Stage Structure

Galileo Orbiter, Structure; Mars

Global Surveyor Structures

Subsystem; Mars Pathfinder

Cruise Stage Structure

Tanks for DSP, GPSMYP, GRO,

HEAO-1, HEAO-2, HEAO-3,

Lunar Prospector, Pioneer Venus

Bus/Orbiter, TOPEX

Thermal Control Subsystem for

Centaur D, Centaur G', S-IC, S-

II, S-IVB

Tanks for DSP, GPSMYP, GRO,
HEAO-1, HEAO-2, HEAO-3,

Lunar Prospector, Pioneer Venus

Bus/Orbiter, TOPEX

Avionics from 70 missions that

had Avionics in the Unmanned

Earth Orbiting Database

Pressurant Components from

Apollo LM

DSCS-II Feed Components;

Lunar Prospector Lines, Valves,
Filters

Rationale

Throughput cost of RL- 10A-3-1 from
NAFCOM

Filtered on Tanks for Unmanned and

chose all missions that had Tanks resulting
from the search

Estimated differently than the Stor. prop.

stage because of the cryogenic tanks.

Therefore, analogies are Liquid Launch

Vehicle Stages Thermal Control

subsystems (much of the cost was due to

Insulation Blankets around the LH2 tanks).

Team decision to use same analogies as
used for Tanks.

Avionics for stage should be relatively

simple complexity.

Only pressurization system I could find

broken out into component level in the
database.

SECOND STAGE (Trans Neptune Capture TNC Stage)

This is a bipropellant stage (per GW).

tetroxide (per SHC WAG).

I assumed monomethylhydrazine and nitrogen
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ComplexitiesandInheritanceFactorsusedarethesameasthatusedin theFIRST
STAGEfor eachsubsystempresentin SECONDSTAGE. ComplexitiesandInheritance
factorsprovidedby GWwith oneexception. Theyare:
D&D andUnit Complexities:1.0for all subsystems(atthispointthedesignisnot
fleshedoutenoughfor anyonetomakeajudgmentcallonD&D or UnitComplexity).
However,thePressurizationSystemhasD&D andUnit complexitiesof 0.5to
compensatefor theuseof amannedanalogy.(SHC)

InheritanceFactors(seetablebelow).

|nheritance Factors

Inheritance

Subsystems Factors Rationale

17hr str/AS 0.5

Finks 0.3 Assume buy off-the-shelf and modify slightly (appx

20% new design). Standard tanks (not composite

tanks) per GW
Fank Insulation 1.0

Pressurization System 0.5 All complexities set at 0.5 because of the use of the

older data set (manned analogy from Apollo LM)

Feed 0.5

Fhrusters 1.0

a,vionics 1.0
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Analogieswereselectedby SHCandareprovidedbelow:

Subsystems Analogies Rationale

17hr str/AS

Fanks

Fank Insulation

Pressurization System

Feed

Fhrusters

a,vionics

Galileo Orbiter, Structure;

Mars Global Surveyor

Structures Subsystem; Mars

Pathfinder Cruise Stage
Structure

Tanks for DSP, GPSMYP,

GRO, HEAO-1, HEAO-2,

HEAO-3, Lunar Prospector,

Pioneer Venus Bus/Orbiter,
TOPEX

Tank Insulation: ATS-6, DSP,

INTELSAT-IV, Mars

Pathfinder, OMV, UFO

Pressurant Components from

Apollo LM

DSCS-II Feed Components;

Lunar Prospector Lines,
Valves, Filters

Thrusters: DSP, GPSMYP,

GRO, HEAO-1, HEAO-2,

HEAO-3, Lunar Prospector,
Pioneer Venus Bus/Orbiter

Avionics from 70 missions that

had Avionics in the Unmanned

Earth Orbiting Database

Filtered on Tanks for Unmanned and

:hose all missions that had Tanks

resulting from the search

Used different analogies than for LOX-

LH2 insulation as it should be simpler (no

:ryogenic tanks). Analogies are a mix of

Unmanned Earth Orbiting and Planetary

)lanket components.

Only pressurization system I could find

)roken out into component level in the
:latabase.

Unmanned EO and Planetary Thrusters
selected all that had Thrusters broken

3ut)

&vionics for stage should be relatively

_imple complexity.
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Ground rules for Solar Sail

Solar sail: 10 g/cm2 sail at 350,000 m2

Mass statements were provided at the component level by GW on the Monster Weights

Rev 1 spreadsheet.

STH Quantities are 1.0 for all subsystems

Complexities were assumed to be 1.0.

Inheritance Factors were selected by SHC and provided below:

[nheritance Factors
Inheritance

Subsystems Factors Rationale

Unique S/M 1.0 New structure but all structures are new therefore no

adjustment necessary to factor.

Repeat S/M 1.0 Same as above

gail Membrane 1.0

Avionics 1.5

New material, process, fabrication etc. Could make a

case for increasing inheritance due to new material

however I did not because the analogous insulation

blankets - although not new material - most of cost is in

new design and labor. Also mass much higher than for

blankets so cost differential captured here.

Issue with solar sails is "control of large, flexible,

lightweight space structures and development of an

effective attitude and articulation control system."

Advanced Propulsion Concepts, JPL). Increased

avionics heritage to 1.5 because this avionics has not

been developed yet ("no operational solar sail tests of

yet").
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Analogieswereselectedby SHC(withsomeguidanceby GW)andareprovidedbelow:

Subsystems
Unique S/M

Repeat S/M

Sail Membrane

Avionics

Analogies

Chose composite

Structures/Mechanical Group,
Unmanned missions as

analogous datapoints.

Chose composite Structures

subsystem, Unmanned

missions as analogous

datapoints.

Chose Unmanned missions,
Insulation Blankets as

analogous datapoints.

Used all Earth Orbiting

Avionics subsystem missions

for analogy.

Rationale

Assumed that much of Unique S/M was

Lhedeployment mechanism therefore

a-lade cost per kg. higher than for the

Repeat S/M.

Assumed that much of Repeatable S/M

was mainly comprised of structure for

each of the four segments of the sails

some mechanisms such as gimbals) - and

Lherefore made cost per kg. lower than for

LheUnique S/M.

Sail membrane is comprised of a single

layer plastic film (aluminized). GW

_uggested that multilayer insulation would

)e the best analogy on a cost per lb. basis.

Fhe sail membrane will probably be

a-lanufactured in strips then joined

Iogether not unlike MLI so labor cost
_imilar.

Avionics are new but relatively simple.

lust used for controlling gimbals? not

_ending and receiving signals?
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Ground rules for NEP MPD

I have not received input from Bob Sefcik, GRC, at this time. Therefore, I copied the

NEP Ion estimate that he had generated and used that as a basis for MPD. Per Cost Team

decision, I left the masses unchanged for NEP Ion although they differed significantly

from those provided in the Monster Weight Rev 1 spreadsheet. Therefore, in the below

discussion when stated that a subsystem is "unchanged" it will not match the Monster

Weight spreadsheet but the NEP Ion NAFCOM estimate generated by Bob Sefcik.

Per Monster Weight Rev 1 spreadsheet, the power generation subsystems were all the

same mass so I left them alone (Reactor, Power conversion, Heat Rejection, Heat

Exchanger, PMAD). Structure did not change either so I left it unchanged. Avionics

was listed in all three NEP cases in the Monster Wt spreadsheet (NEP Ion, MPD and

VaSIMR), but I did not include it in either MPD or VaSIMR as it was not included in the

NAFCOM basecase. Tanks mass was changed as this mass changed between

subsystems. Thrusters and PPUs were zeroed out until I receive inputs from GRC.

Propellant is xenon; mass is 4400 kg. Or 9700 lbs.

Numerous issues with having the mass in my NAFCOM model differ from that given in

Monster Weights. DISCUSSION POINT - I strongly feel they should agree.

_)NHA

Subsystem QNHA Rationale

Fhrusters/Gimbals 2+2 From Gordon's email, 2 thrusters plus 2 spares. 50 kg. Apiece. (Should
this weigh 200 kg. Rather than 240 kg?) Does this include gimbals and
such??

?PUs 2 From Monster Spreadsheet - would there be any spares here? Do they
weig 250 kg. Together (125 kg.s apiece) or does each weigh 250 kg.?

Fanks & Feed System 1.0
_tructure 1.0

_eactor 1.0 100 KWe (from Gordon's email) SP-100 type (assume same as NEP Ion
ease)

?ower Conversion 4.0 ASSUMED SAME AS NEP ION CASE 4 -25 KWe Brayton

?MAD 4.0 ASSUMED SAME AS NEP ION CASE Assumed to be 4 power
electronics modules.

_eat Rejection 4.0 ASSUMED SAME AS NEP ION CASE Assumed to be 4 modular units.

_eat Exchanger 2.0 ASSUMED SAME NEP ION CASE Need to check if other heat
transport components are needed.
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STH Qtys are provided below: ASSUME SAME AS NEP ION

STH Qt v

Subsystem QNHA Rationale

Fhrusters/Gimbals 0.2 STH quantity set at .2 vs..25 to arrive at four units for

testing with two PPUs.

PPUs 0.2 STH quantity set at .2 vs..25 to arrive at two full units.

Fanks & Feed System 1

gtructure 1

Reactor 1

Power Conversion 1

PMAD 0.25

Heat Rejection 1

Heat Exchanger 1

Inheritance Factors for all of the SEP subsystems are 1.0. ASSUME SAME AS NEP
ION

D&D and Unit complexities are described below:

D&D and Unit Complexities

D&D Unit

Subsystem Complexity Complexity Rationale

Fhrusters/Gimbals Sefcik Sefcik Waiting for Sefcik data

PPUs Sefcik Sefcik Waiting for Sefcik data

Fanks & Feed System 1.0 1.0
gtructure 1.0 1.0

Reactor

PMAD 1.0 0.5

Power Conversion

Heat Rejection

Heat Exchanger
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Analogiesfollow (norationalefor thechoiceof analogieswasprovided):EXCEPTING
THRUSTERAND PPU- ASSUMESAMEAS NEPION.

Analogies

Analogies_ubsystem
Fhrusters/Gimbals Awaiting Sefcik data

PPUs Awaiting Sefcik data

Fanks & Feed Reaction Control Subsystem from GRO, NEAR

gystem

gtructure CRESS Structure; GRO Secondary Structure; TOPEX Structure, Module

Support

Reactor Throughput equation

PMAD Power Distribution/Regulation/Control Subsystem for Lunar Prospector,
Mars Pathfinder, NEAR

Power Conversion Throughput equation

Heat Rejection Throughput equation

Heat Exchanger Throughput equation
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Ground rules for NEP VaSIMR

I have not received input from Bob Sefcik, GRC, at this time. Therefore, I copied the

NEP Ion estimate that he had generated and used that as a basis for VaSIMR. Per Cost

Team decision, I left the masses unchanged for NEP Ion although they differed

significantly from those provided in the Monster Weight Rev 1 spreadsheet. Therefore,

in the below discussion when stated that a subsystem is "unchanged" it will not match the

Monster Weight spreadsheet but the NEP Ion NAFCOM estimate generated by Bob

Sefcik.

Per Monster Weight spreadsheet, the power generation subsystems were all the same

mass so I left them alone (Reactor, Power conversion, Heat Rejection, Heat Exchanger,

PMAD). Structure did not change either so I left it unchanged. Avionics was listed in

all three NEP cases in the Monster Wt spreadsheet (NEP Ion, MPD and VaSIMR), but I
did not include it in either MPD or VaSIMR as it was not included in the NAFCOM

basecase. Tanks mass was changed as this mass changed between subsystems. Thrusters

and PPUs were zeroed out until I receive inputs from GRC.

Propellant is liquid hydrogen, mass is 4403 kg. Or 9707 lbs.

Numerous issues with having the mass in my NAFCOM model differ from that given in

Monster Weights. DISCUSSION POINT - I strongly feel they should agree.

_)NHA

Subsystem QNHA Rationale

Fhrusters/Gimbals 2+2 From Gordon's email, 2 thrusters plus 2 spares. 50 kg. Apiece. (Should
this weigh 200 kg. Rather than 240 kg?) Does this include gimbals and
such??

?PUs 2 From Monster Spreadsheet - would there be any spares here? Do they
weig 250 kg. Together (125 kg.s apiece) or does each weigh 250 kg.?

Fanks & Feed System 1.0
_tructure 1.0

_eactor 1.0 100 KWe (from Gordon's email) SP-100 type (assume same as NEP Ion
ease)

?ower Conversion 4.0 ASSUMED SAME AS NEP ION CASE 4 -25 KWe Brayton

?MAD 4.0 ASSUMED SAME AS NEP ION CASE Assumed to be 4 power
electronics modules.

_eat Rejection 4.0 ASSUMED SAME AS NEP ION CASE Assumed to be 4 modular units.

_eat Exchanger 2.0 ASSUMED SAME NEP ION CASE Need to check if other heat
transport components are needed.
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STH Qtys are provided below: ASSUME SAME AS NEP ION

STH Qt v

Subsystem QNHA Rationale

Fhrusters/Gimbals 0.2 STH quantity set at .2 vs..25 to arrive at four units for

testing with two PPUs.

PPUs 0.2 STH quantity set at .2 vs..25 to arrive at two full units.

Fanks & Feed System 1

gtructure 1

Reactor 1

Power Conversion 1

?MAD 0.25

Heat Rej ection 1

Heat Exchanger 1

Inheritance Factors for all of the NEP subsystems are 1.0. ASSUME SAME AS NEP
ION

D&D and Unit complexities are described below:

D&D and Unit Complexities

D&D Unit

Subsystem Complexity Complexity Rationale

Fhrusters/Gimbals Sefcik Sefcik Waiting for Sefcik data

?PUs Sefcik Sefcik Waiting for Sefcik data

Fanks & Feed System 1.0 1.0
gtructure 1.0 1.0

Reactor

?MAD 1.0 0.5

Power Conversion

Heat Rejection

Heat Exchanger
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Analogiesfollow (norationalefor thechoiceof analogieswasprovided):EXCEPTING
THRUSTERAND PPU- ASSUMESAMEAS NEPION.

Analogies
Analogiesgubsystem

Fhrusters/Gimbals Awaiting Sefcik data

PPUs Awaiting Sefcik data

Fanks & Feed Reaction Control Subsystem from GRO, NEAR

System

_ryocooler Reaction Control Subsystem from GRO, NEAR

Structure CRESS Structure; GRO Secondary Structure; TOPEX Structure, Module

Support

Reactor Throughput equation

PMAD Power Distribution/Regulation/Control Subsystem for Lunar Prospector,

Mars Pathfinder, NEAR

Power Conversion Throughput equation

Heat Rej ection Throughput equation

Heat Exchanger Throughput equation
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Ground rules for SEP NSTAR

I have not received input from Bob Sefcik, GRC, at this time. Therefore, I copied the

SEP Baseline estimate that he had generated and used that as a basis for SEP NSTAR.

Per Cost Team decision, I left the masses unchanged for SEP Baseline although they

differed significantly from those provided in the Monster Weight Rev 1 spreadsheet.

Therefore, in the below discussion when stated that a subsystem is "unchanged" it will

not match the Monster Weight spreadsheet but the SEP Baseline NAFCOM estimate

generated by Bob Sefcik.

Thrusters/Gimbals and PPU costs were zeroed because I have no input from GRC at this

time. All other analogies and complexity factors for every subsystem are the same for

NSTAR as for the SEP Baseline. The only changes made were to masses for

Structures/Mechanisms and Tanks & Feed System. Propellant load was also adjusted.

Per GW, Xenon propellant would be used (used 5.67 kg. per 1000 liters as a conversion

factor. 470 kg. of propellant required. Per Monster Weights Rev 1 spreadsheet).

ASSUMED SAME QNHA AS SEP BASELINE
_)NHA

Subsystem QNHA Rationale

Fhrusters/Gimbals 4 Assumes four thruster/gimbal sets.

?PUs 4 Assumes four PPUs, two for use and two backup.

DCIU 1.0

Fanks & Feed System 1.0
gtructure 1.0

Batteries 1.0

Ultraflex Solar Array 4.0 Assume four 6 KW BOL Ultraflex arrays.

STH Qtys are provided below: ASSUMED SAME STH QTY AS SEP BASELINE

STH Qty

STH Quantities

Subsystem
Fhrusters/Gimbals .25

PPUs .25

DCIU 1.0

Fanks & Feed System 1.0

gtructure 1.0
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atteries 0.25

ltraflex Solar Array 0.25

Inheritance Factors for all of the SEP subsystems are 1.0. ASSUMED SAME
INHERITANCE AS SEP BASELINE.

D&D and Unit complexities are described below: ASSUMED SAME COMPLEXITY

FACTORS AS SEP BASELINE.

D&D and Unit Complexities

D&D

Subsystem Complexity

Fhrusters/Gimbals 2.5

Unit

Complexity

2.5

Rationale

Complexity factors were derived to allow for the use of
current NAFCOM data for advanced thrusters. The

proposed thrusters at 3800 sec Isp require technology
development to meet the technology cutoff date of 2005.
Recent GRC technology estimates were ~ $4.4M R&D
and ~$8.3M full cost.

?PUs 1.0 1.0

)CIU 1.0 1.0

Fanks & Feed System 1.0 1.0
gtructure 1.0 1.0

3atteries 1.0 1.0

211traflex Solar Array 5.0 2.0 DDT&E and FH hardware complexity adjustments
required to estimate the impact of designing and building
lower weight systems while using a weight-based model.

Analogies follow (no rationale for the choice of analogies was provided): ASSUMED
SAME ANALOGIES AS SEP BASELINE.

Analogies
gubsystem
Fhrusters/Gimbals

Analogies
GRO Thruster, Lunar Prospector Thruster

?PUs Avionics from HETE, Lewis, STEP3, TOMSEP

)CIU Avionics from HETE, Lewis, STEP3, TOMSEP

Fanks & Feed System Reaction Control Subsystem from Lewis, Lunar Prospector, Mars Global Surveyor, Mars
Pathfinder, NEAR, TOMSEP

_tructure Mars Global Surveyor Structures Subsystem; Mars Pathfinder Cruise Stage Structure

3atteries Mars Pathfinder Battery

211traflex Solar Array Mars Pathfinder Solar Array
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